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PREFACE 


A program  of  fundamental  etudies  of  the  properties, 
formation,  aad  reactions  of  hydrogen  peroxide  has  been  sponsored 
at  B. I.T.  since  19-f-p,  by  U.  8.  Hary,  Bureau  of  Ordnance, 
and  later  the  Office  of  Savil  Research.  For  some  time  It  has 
bees  apparent  that  the  growth  of  basic  knowledge  of  this 
chemical,  as  sell  as  the  derailment  of  various  practical  ap- 
plications, would  be  furthered  by  a compilation  aad  evaluation 
la  the  fora  of  a monograph  of  the  scientific  and  technical 
knowledge  available. 

The  present  report  constitutes  Part  III  (Chapters  7 
arid  3)  of  ouch  a monograph.  The  remaining  parts  (Z,  II  aad 
IV)  bear  the  report  Dancers  4-2,  43,  and  43.  Report  So.  42  mas 
issued  September  13,  1933 , Esporc  43  was  issued  December  1, 

1953 1 and  Report  45  ras  issued  Qovsaber  1,1953.  The  Table 
of  Contents  presented  in  this  report  gives  a detailed  outline 
of  t be  material  presented  in  Part  III  and  indicates  the  contents 
of  the  other  three  parts  b7  listing  the  headings  of  the  Chapters 
fthlch  oach  of  than  contains. 

literature  appearing  up  to  about  July  1,  1954  has  been 
consulted  in  the  preparation  of  Part  III  of  the  monograph. 

It  he**  not  been  attempted  to  cite  every  reference  on  hydrogen 
peiuxlds,  but  all  publications  which  appeared  to  the  authors  to 
hare  cone  present-day  usefulness  are  quoted. 

Arrange  neat  a have  been  Bade  for  this  monograph  subsequently 
+rs  be  published  in  book  fora.  The  authors  sill  appreciate  errors 
being  called  to  their  attention  or  receiving  the  concent  a of 
readers  on  ta*  notarial  predated. 


December  ?i,  195^ 


Gaiter  C.  Sehuab 
Charles  9.  Satterfield 
Ralph  L,  featvorth 


Reproduced  From 
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CHAPTER  SEVEN 

CHEMICAL.  PROPERTIES 

The  disouaalon  of  the  chemical  properties  of  hydrogen  per- 
oxide ha3  been  divided  among  three  chapters.  In  this  chapter 
the  general  chemical  behavior  and  the  stoiohiometrio  reaotions 
of  hydrogen  peroxide  are  described.  The  following  chapter  deals 

,l.  * i s'  V.  * . • * * * 

with  decomposition  processes,  that  13,  reactions  in  which 
stoichiometric  proportions  are  not  or  cannot  be  observed.. 

Chapter. nine  discusses  the  subject  of  the  stability  of  hydrogen 
peroxide.  Thi3  division  is  an  arbitrary  one,  but  serves  to 
separate  and  focus  attention  on  two  topics  which,  for  hydrogen 
peroxide-*  assume  outstanding  importance  in  the  discussion  of  ohemi- 
cal  properties.  Some  duplication  and  overlapping  of  the  discussion 
has  occurred  because  of  thi3  organization,  and  it' is  suggested  that' 
when  information  regarding  a particular  subject  is  desired  the  con- 
tent of  all  three  chapter*  be  considered  since  the  same  subject 
may  receive  treatment  from  diff ering  points  of  view  in  each. 

It  will  be  useful  first  to  consider  some  broad  classifications 
of :rb he* chemical  behavior  of  hydrogen  peroxide.  Then  in  an  order  of 
increasing  complexity  the  character  of  hydrogen  peroxide  may  be  con- 
sidered from  the  standpoints  of  the  thermodynamics,  rates,  and 
mechanisms  of  lt3  reactions.  Dl3cus3ion3  of  such  subjects  as  the 
properties  of  hydrogen  peroxide  as  an  acid,  properties  as  a reaotion 
medium,  studies  of  its  reactions  in  non-aqueous  solvents,  and  iso- 
topic tracer  experiments  involving  hydrogen  peroxide  which  have  been 
made  then  follow.  References  and  as  much  discussion  as  spaoe  allows 
of  specific  reaotions,  grouped  according  to  the  periodic  table, 
are  then  given.  Following  the  disoussion  of  chemical  reaotions  will 
be  found  seotlons  dealing  with  orgsnia  reaotions  and  biological  action. 

CL^SSXFICATIOM  OF  2SACTlo:i3  CF  ETDECOSN  PSBOOIES 

Four  categories  may  be  established  for  classifying  the 
reactions  of  hydrogen  peroxide.  These  deal  only  with  the  net  or 
over-all  result  of  the  reactions. 
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Ppooftpoaltlon  Procaasas 

A reaction  which  baoaaa  oyident^Lpnost  the  disco 7337  of 
hydrogen  peroxide  cast 

23202  *■  2320  ♦ 02  (1) 

>•  , ' 

This  was  intaxpratad  to  be  tha  aalf-deooapoeitiou  of  hydrogen 

tsll£Lw 

peroxide,  further  study  haa  indicated,  howeyar/axoopt  at  high 
temperatures  la  tha  eapor  phase,  reaction  (l)  do 9 a not  usually 
occur  without  tha  action  of  sese  othax  substance.  In  scat 
easas  a chemical  change  la  tha  othax  substance  cannot  ha  ©bserrsd 
ex  else  tha  change  ie  not  a stoichiometric  era,  that  is,  the 
saabax  of  solas  of  intaxaoting  substance  which  baccae  ohaztged  does 
not  bear  a simple  ox  consistent  ratio  to  tha  mat ar  of  scloa  of 
hydrogen  paxoxida  converted  to  ratal  and  oxygen.  Thao# 
dacoacoeitlaa  urocaeses  will  be  discussed  in  tha  naxt  chapter. 

fortunately,  hydrogen  peroxide  say  react  in  raoxs  orderly 
fashion  than  just  indicated,  and  thaae  stoichiometric  reactions 

provide  the  subject  matter  of  thia  chapter.  These  reactions 

hays  been  classified,  fox  example  by  Halasinaky  (l),  as  : „ 

follows:  l)  Oxidation  or  redaction  reactions,  2)  Peroxide 

group  transfer,  and  3)  Additioa-coapound  formation. 

ftxidatiou  ox  deduction  .^eaotioug 

These  axe  reactions  in  which  tha  other  reactant  and  tha  oxygen 
of  the  hydrogen  peroxide  undergo  a change  in  valence.  An 
example  of  a net  oxidation  by  hydrogen  peroxide  ia : 

H2°2  * 27®++  ♦ S3+  > sya^  * 2SgO  (2) 

Similarly,  as  an  example  of  redaction  by  hydrogen  peroxide 
there  nay  be  cited: 

2030^  ♦ pgOg  ♦ 33220^  — saaSO,.  + SgSO^  + £320  + £02  (3) 

It  has  been  pointed  out  by  Steinbach  (2)  that  an  infinite  number 
of  seta  of  compatible  coefficients  nay  be  chosen  fox  the  re- 
daction reactions  of  hydrogen  peroxide,  but  thia  only  arise* 
because  of  the  possibility  of  adding  multiples  of  reaction  {l) 
without  affecting  the  balance  of  tha  reduction  reactions. 
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Tha  dual  naturo  of  hydrogen  peroxide,  that  is,  its 
ability  to  act  as  both  an  oxidising  and  reducing  agent,  is  to 
be  anphasissd.  This  property,  shich  contributes  so  anoh  to  the 
variety  and  complexity  of  bydrcgsn  peroxide  cheaistry,  has  scaef* 
tinea  been  overlooked,  In  a large?  sanso  this  is  only  a reflec- 
tion of  the  intermediate  position  of  hydrogen  peroxide  between 
cate;  and  soleouls?  oxygon  in  the  ©xi&atica-reduotioa  shale. 
There  ds  no  reason  to  consider  this  as  " paradoxical * 1 (3)7 
sseleerula?  oxygen  is  certainly  to  be  considered  legitimately 
, as  the  oxidation  product  of  hydrogen  peroxide* 

Peroxide  Green  Transfar 

: - lo  change  in  valency  of  the  oxygen  in  hydrogen  peroxide 

is  involved  sdien  this  peroxide  group  is  transferred  to  another 
noleculs.  An  example  of  each  a ^statistical  reaction  is: 

f - a202  ♦ 3a{Ca)2-*-SsD2  + 2^0  (*) 

; ; • ••  * ■*:  ? ' • .•  1 V - ■ . -•  : 

It  say  be  pointed  cat , soaerhat  in  anticipation  of  the 
diserdseibn  of/itachanisa  given  below,  that  transfer  of  the 
peroxide  group  intact  from  aoleculs  to  molecule  is  such  the 

■ aaae  as  formation  of  ssol ocular  oxygen  froa  hydrogen  peroxide, 
37ia  though  valine  a change  is  assured  to  sc  car  in  ©ns  case  and 
not  in  the  other, 

Additioarooapouad  Formation 

■ , The  hydrogen  peroxide  saol souls  as  a dhole  nay  be  attached 
to  another  noloeuls  to  fora  addition  compounds  or  hydroper- 
oxidates  uhich  are  analogous  to  hydrates, 

332©2  ♦ 83agC0j — ^SSagCO^^Og  (5) 

is  an  exaaple  of  auoh  a reaotion. 

Of  these  three  olaaoea  of  roaetisaaaoat  of  this  chapter 
will  be  oonoemed  with  the  first,  or  ©xidntioa-rodnctioa 
reactions,  The  inverse  of  these  classes  of  reactions,  that  is, 
re&otiona  far  the  formation  of  hydra  gen  peroxide , are  dincuaaed 
in  Chapters  2 and  3,  Additional  information  about  reactions 
falling  in  the  last  too  cla3393  aill  also  ba  found  in 
Chapter  12* 
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k conaidarabls  understanding  of  the  chaaioal  p ropertiee 
of  hydrogen  peroxide  oan  bo  obtained  froa  thamodynaalo  data 
that  allow  the  calculation  of  oheaical  equilibria  iavol7i2g 
hydrogen  peroxide.  The  theraedynanio  quantities  required  for 
this  purpose  are  derived  la  Chapter  5 aad  are  suzaarlsed  here 
ia  fable  1,  along  with  aiailar  data  (4)  for  coae  other  cub- 
stances.  These  free  energy  values  say  be  o cabined  with  those 
for  other  reactants  aad  products  to  obt&ia  the  total  free  energy 
change  of  the  reaction  of  interest.  Thus  the  equilibriua  con- 
stant aay  be  calculated  through  use  of  the  relation  -~gttal 
and  a oeasure  is  obtained  of  the  degree  to  ©hi ch  a hydrogen 
peroxide  reaction  nay  proceed  to  ceapletion. 

Half-cell  31aot?o<l»  Potentials 

k 00X9  convenient  ssthod  than  the  use  of  free  energy  data 
te  express  the  tendency  to  reaction  is  afforded  by  the  use  of 
half-cell  electrode  potentials.* 

For  hydrogen  peroxide  acting  as  an  oxidising  agent  the  half- 
cell reaction  nay  be  written;  _ . 

23^0  — n202  + £3*+  So”  (S) 

For  thi3  reaction  the  potential  is: 

S - “1.7S  - 2»S53l5  leg  (a_  0 . aSg>)  (7) 

2 2 2 

For  reaotion  in  tarns  of  the  perh7drexyl  ion  foxaed  in  basio 
solution  the  half-cell  reaotion  beccaee 

jca“  — *-  HOg"*  ♦ HgO  ♦ £e~  (3) 


* 2a  an  appendix  to  thia  chapter}  p.  99  » there  is 

presen tad  a brief  review  of  the  use  of  elsotsoda 
potentials  in  the  cheaiat77  of  hydrogen  peroxide. 
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and  the  potential  is  than  given  by: 


x - -0,87  - 2iS52lS  les  (“g>2_  ) (3) 

a'0Hg“ 

For  hydrogen  peroxide  noting  aa  a reducing  agent  the 
half-eell  reaction  ia: 

Hg02  — ffl+  ♦ Og  + S*-  (10) 

and  haa  a potential: 

X - -0.693  - ff«S59lS  log  (11) 

2 V2 

In  basic  solution  this  beooaes: 

0H“  + HOg — — 02  + H20  + 2e“  (12) 

with  a potential: 

s - 0.C3*  - iS3f. ^ (13) 

2 a0H~*  \ ^Op" 


These  values  for  the  electrode  potentials,  which  sere 
developed  in  Chapter  5,  of  hydrogen  peroxide  shoe  that  it  ia 
a powerful  oxidising  agent.  Of  the  substances  which  oan 
exist  in  solution  and  which  have  been  tabulated  in  lists  of 
el ao t rode  potentials , hydrogen  peroxide  is  capable  of  oxidis- 
ing all  but  a few.  In  considering  possible  reactions  of 
hydrogen  peroxide,  then,  it  aay  be  aaaused  that  oxidation  of 
all  but  the  strongest  cxidi3ing  agents  such  as  fluorine  or 
osone  will  be  possible  at  aaae  pH.  Aa  a reducing  agent, 
however,  hydrogen  peroxide  is  not  particularly  outstanding. 
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FEES  S322GI23  07  7034ATI03  C7 
H7DHCG33  P3H0III3  A3D  E3LAJ32) 
8530123,  A?  25°0  and  1 a-a 


Substance 


A7°j  koai^nola 


H2°2  (S) 

H2°2  (lJ 

HgOg  (aq) 

OpB  (aq) 

aso  (s) 

HgO  (l) 

<3  (aq) 


-25.S* 

-23.77 

-31.95 

-15.23 

-5».S35 

-55.590 

-37.595 


s 


Osoi  a cgsaca  xadaoing  a^anl  aa  tfeiooulfato  outstrips  it  asd 
tears  la  nai  coapaxisoa  oitfe  tte  otxoag  xodsoixg  sgaata  escb 
a a tte  alkali  a;  ollaliaa  ©axtfe  ratals, 

fte  iaioxaatiaa  pxoridad  fey  ttesa  alsotxsda  palatial  a 
la  ste*n  gxapfeiaally  la  ?igaxa  1,  ^hici  uaa  pxaoontad  ia-  .: 
eacantlally  tea  saaa  fora  fey  Salafeay,  Poaxfeaiz,  aad  7aa 
^rssalfeasgte  (3)«  Sfete  a potoatial-pH  diagxaa,  asaily  cs&ttxaoiad 
(5),  illustrate  • tea  dopoadaaoa  ©f  tea  potential  an  tea  eoa-  * 
oestxatloa  ©f  l^dragaa  paxoxida  aad  of  ^ydrcgaa  Ion;  Sy  sapar- 
poelsg  ea  Jig*  2 aiailax  oaxraa  for  otter  ialf-soll  xoaotlias 
it-say  fee  datexalssd  at  a slaaoa  stettex  ite  potential  la 
fsroxsbls  far  xaaciioa  ©rax  tte  ziola  of  tte  c caps  » it  ion  xa&pfV  - - 
tt$f  I ^saa  ter  tte  olsotxoda  potentials  of  feydrsgaa  parasite 
e*B3*&tsatiaaa  ax*  llaaax27  tepesdaat  upon  pa  asd 
aaateas?  2t  sfeeald  fea  pointed  cat  tfeat  if  dt  la 
te  rspxosaat  tea  potentials  in  •iaxaurofocaa  otter 

, *sa*  awrraa  ssagr  not  fee  linaax  sadpacalM,  ‘ 
23  a Xspidl7  aatafrl  dated'  sqailifexina-  estate  ~ - 

feydragga goggalte  aad  tea  otter  apeoiaa  teexe  ia  tensl; 
_la  i^o.  saoii  figaraa..  Faxtteraoxa,  unless  it  la^  :•: 

, _ ' . lea  i»:  tea  true  reactant,  llttloij : ' 'i  ■.. 

■ ■<  g^isad  fey  expressing  tea  potential  la' "tana  of  a , speoisa*  tea 
osacmtxatim-.^.teite  sast  te  latexiaaaiy  saleulaied,, 

;~^?-:22sa  tee  aamgaoisisa  of  tte  potentials  of  feydxogaa.par- 
ssaa  xa&otsote  of  iniaxsat.  ioa  23©a  aada , It  ssy  »_ 
-‘teasBsar is*  tee  lafaxaatisa  la  tea  fo llcatat 

*•'■-  *'  • "\  r.  * ‘ - ■“  • - • *•'  \.  ;—  • 

. fasfeiaa,;  oa  122aatxatod'texa  fox  tea  oyatea  cf  ail ?sx  aad  . 
feydxogoa  pexoaida  la  tea  xanga  of  20”^  to  1 aolal  aoid  ia  ifea 
yxaaaaaa  of  cae  aolal  ^ydxogaa  poxaxidai 


^ ! ttet~tte  otter: 
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2a  teia  dltesaa  tio  oxaaoasa  of  aa  arrnr  iadioataa  tfeat  tte 
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equilibrium  is  suob  that  tbs  course tad  substanosa  coasiat  or 
that^rfaotion  could  go  substantial^  in  tbs  indicated  direotion. 
Tbs  diagram  could  of  courat  havs  been  prepared  fox  otbax  limits 
of  concentration. 

Solalivs  garaedanaa gig.  l2S22l*2l 

Another  roans  for  t7pif7irg  tbs  tendency  to  reaction  of 
hydrogen  psroside  relinquishes  tbs  opportunity^;©  show  tbs  effect 
of  cone  ont  rat  ion  instead  dsaonatratas  tbs  relation  of 

hydrogen  peroxide  react ions  to  those  of  oxygen  in  otbar  valance 
atatas.  With  this  method  tiers  is  constructed  tbs  following 
oxidation  potential  dlagraa,  tab  an  frost  Latiasr {$),  ehich 
shows  the  values  of  2°  for  a grasp  of  related  equilibria. 
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diagrams  have  baan  prasentad  for  othar  elements 
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FIS.  3-  RATE  ’ACTORS  FOR  REACTION  OF  PEROXIDES 
WITH  FERROUS  ION,  FROM  CRR  a WILLIAMS. 
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•Tbs  iaforaation  ahoon  b 7 tbs  foregoing  potsntial  diogrsa 
nay  ba  prssaniod  graphically  ia  a nay  caggaatad  £7  7roat  (?) 
and  adapted  far  tbs  construction  si  7ig#  2,  Tbs  *:mi3  .fax 
fig.  2 la  found  la  tbs  relation  3?  3 “~Z5/3*/»  shoring  that 
if  f raa  era 737  ia  onproased  ia  ol^atroa  791*5  unity  - 
(I37  » 23, €5  b oal/noio)  tbs  potential  of  a reaction  tjill  ba  girsn 
b7  tbs  alcp*  of  a lisa  ©a  a potent  ial-fros  snarey  diagrra,  Such 
a diagraa  has  certain  linitations)  esae  study  ia  required  to 
loarn  (?)  to  iaierprot  it,  and  it  -say  be  criticised  fas  layii aj.  unr 
duo  otrsea-  ©n  tbs  fossa!  ©nidation  state  of  ssygon. 


T23  2Af33  CJ  37T2CCT  22302123  23102IC13 

✓ . j 


Tbs  study  of  tbs  rates  at  rhich  tbs  maotions  -and  daccrar 
posi’tioa  processes  ef  hydrogen  porosids  proceed  roraal  j - any 
apparent  irconsiatsnc ioa . Sosa  of  its  reaction  rates j zs&sly 
oiih  esxtaia  louar  of  'tba  halogens,  aro  so  prsdistablo  that  tboy  ' 
bars  achiored  classic  status,  being  gi7sn  as-  ssanpiXia  in-text-  - 
books  and  ^aruing^ .al-jSLsBO^iafc tbs  national  - 2ursas^3f’'-3taadarda-'-— 
tabulation  (3).  Cb  tha  ptber  basal  it  io  often  a Tatter  of  tba  ■ ' 
greatest ' difficulty  to  obtain  roproduo  ib  ill  ty  of- tbs  to  at 


qualitative  sort  ia  Taking  aaasggsganta  ef  tbs  rata  9f 
position  ritb  a heterogeneous  catalyst,  Cobal5  ratal, 


leeca— 

far 


axaapls,  oon  aaiatain  a stats  ef  passivity  in  consent rated 
hydrogen  peroails  ’for  Isng  periods  and  than  unaccountably  bur 3* 
into  vlslasti  activity,  Inch  catalytic  dscsupoaitiaa  or  tbs 
bcaoganeoua  daccapoeiiioa  of  hydrogon  peroxide  rapor  oen  occur 
at  an  ospIsoiTS  rats , yet  at  tbs  case  tins  tbs  purs  sabatascs 
13  quits  stable  in  atsxsgs  and  has  boon  charaotarinsd  {$) 
foasrally  m a slow' aidant  33309k  ritb  potssrfal  seducing 


agents,  in  other  important  question,  not  yet  settled,  is 
sSathax  tbs  rate  ef  dsooacpoaition  of  the  purest  hydrogen  per-- 
©aide  eon : bo  reduced  ha ‘earn  in- tbs  liquid  stats  ut  hhs- 
oosgseaiy  ynecuahered  conditions  of  akorsgoi  2rsa-tbs  at  sad" 


points 


of  both 
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attainable,  but  la  practice  00X7  to  bo  approached  asymptotically 
because  of  tbe  impossibility  of  ollaimatimg  contaimsz  surfaces 
and  tbs  loot  traces  of  impuzitlss, 

Oolid  hydrogen  peroxide  b^j^&eea  *3p©*t3d  to  be  sur- 
prisingly imart , 7©z  example /y.p'pszmasgaaita  solution, 
partioles  of  2U3t , aad  ether  eatalyets  if  addad  Judiciously 
so  as  sot  to  allow  thawing  wtzo  found  (ID)  to  cause  so  dsooor 
positloa  ©f  90  ut  U hydrogen  peroxide  at  -5z°3#  Only  rhea 
salting  was  permitted  to  occur  did  deccapesitlca  begin, 

Although  no  attempt  has  bean  Bade  to  collect  and  tabulate 
roast ioa  zata  data  for  hydrogen  peroxide  deeoopoaition  or  its 
reactions  with  other  species , It  i 3 last zuc tiro  to  consider 
bxisily  tbs  range  of  zatas  cnocuntared,  sad  the  osapezatur* 
coeffie lasts  a*  typified  by  tbs  Arrhenius  activation  energise 
obaorysd*  So  asasazoaents  os  a gas  phase  deccapoeitlon  of 
hydrogen  peroxide  have  jet  been  identified  unaabigneusly  as  ... 
being  that  of  tbs  purely  honogeneeus  Aacoapeaitlflu,  although 
tfcexesnltaef  a<&ane{ll)  obtained  froe  experiments  at  4# 
te  ^2%  indicated  that  at  least  past  of  the  deeeopbsitisa 
ebaeaTsd^wM.  heacgenccea,  Sis  results  yield  an  eetiratisa ' 
energy  of  ^0  to  5^  heal/ mole.  It  13  reasonable  to  suppose 
•bat  it  is  silly  at  snob  hi^h  taapezatures  that  tbs  thermally 
activated  bossogeaeeue  dec  sap©  ait  isn  of  hydrogen  peroxide  osa 
' occur  at  ssasurabl©  rates,  fbia  fact  baa  been  pointed  eat  by 
last  (12) # *8  cited  tbs  following  reasoning.  da  reference  to 
tbs  thersedyasaio  data  of  Chapter  5 mill  ©bow,  the  moat  libel? 
initial  step  In  -be  heaogeneous  decomposition  of  hydrogen 
peroxide,  is  dissociation  into  toe  hydroxyl  radio  si  3,  Using 
tbe  energy  ohs age  of  this  roaeticn  ns  an  ©atinata  of  tbe 
activation  energy  and  an  assuaed  collision  factor  of  10^, 
near  see*  teaperaturs  only  about  one  hydrogen  peroxide  molecule 
in  10 undergo ee* this  dissociation  per  second,  leer  300*3 
one  molecule,  in  13*  resets  per  aeecad  on  this  basis,  allow- 
ing far  slight  deoenpeaition  by.  chain  roast  ion  of  roasoasbls 
Issgth*  At  €00*3  all  hydrogen  peroxide  vsnld  dsceaspcaa  In  a 
fraction  of  a ascend,  oven  vithaut  contribution  from  chains. 
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27on  ulti  allanoaoo  for  tho  usooxtaiabiaa  in70l7:d,  blia  oati- 

2it3  □2U33  it  01-332  tiat  3t'33X  OiniiilOJ  of  TOpOT  pbao*  <l3Cfi3- 

poaitlon,  citod  ia  C&aptox  3,  &3alt  0017  uitb  batsxssaaseno 
&5<39?3p©3ibi3a,  2 taapexa&oxs  rprgo  of  03  to  *>20^5  is  corosod 
67  Wwao  otiadlxs,  and  astiratisa  oaargisa  rargirg  froa  £ to 
20  i3i3/^ol3  uara  raportad. 

rbia  coaclaaiea  nay  also  applied  to  ddcs&po^itina  la 
ti«  llqoid  pbaaa,  la  discaaa^d  la  Siapt#r  $t  a H3&27  ^arifiod 
saaplo'.of  bydrxgsa  parosida  la  a Tyraz  contaissx  "Jill  dacca- 
pxssa  at  a rata  gsaaistoat  Jibi  33  satiTabion  rsaxsgy  of  about 
23  Ifo^aolo,  and  ibx  pxscoso  la  aasessd  to  bo  lasgsly  aatoro- 
saaaoao*  Isscfoasoeos  Itqaisl:  p2uM*  ssootioaa  of  lydro^faa  pax- 
axida  -also  ssaibit  aatiratioa  oaoxfisa  2a  bbia  rrssp,  for 
■3323913,  Tslaso  rsngix^  frca  20  to  2?  bxal/rsis  33a  obsdxrsd  " 
for  rsaotisa  oith  a israsax  af  iaoa  of  tba  lalograa  {23};  ' 

. ?9  oaf  ^oaooioA  aitb  ti«s«  ralana  axa  b&oea  obtalasd  la 
tis^ffcrdj  of  tie  reactions  of  raxiooa  sabatitated  poxoaldoo*  • • ; : 
?sffbii» : iicacgsaoooo  dacaraoositirai  proofed trg  by  bsntol^iio •■ 
bend.  £i33iaa  la  oitiax  bb»* 33s  ox  li^aid  phases  a nuabax  of  "' 
poro3id333  .ascii  aa  diothyl  peroxide,  dlheasoyl  peroxide*  di-ta rb- 


bntyl  peroxide,  ranaoaa  aydroperosida , \rd  perozp  sulfate 
exhibit  aotidati oa  essxsfiea  of  about  30  to  'JO  bsal/aold, 
fie  .aatiratioa  energies  far  reaction  alia  other  rubatascea 
fall isles- this  rasgo.,  as  lor  as  20  isai/nole,  1 nors  detailed 
csapaxisoa  of  naTeral  peroxides  undergoing  ti 1a  ossa  process^ 
aaaaly.  reaction  Jith  ferrous  ioa,  la  provided  1:7  713,  3t  rhioh 
r&s-  published  bgr  Crx  and  Lillians  (2-i) * la  taas«  data 
iadioato,  tiara  la  a dlraet  ralatioaabip  'oat*7a«a  tio  fro- 


caoaoy  fastax  asd  sdtlratlaa  asargy  fax  tila  part  leal  ax  raaotioa. 
It  a firaa  t^paratara  tia  ralatloaaiip  la  raca  tiat  all  tia 
raiatitatiaaa  oa  lydro^aa  .paxasiis  irdisatad  rasa  tia  rraotiaa 
rata  rdorax^  ;iia  nay  ba  aoatraatad  riti  tit  ai-paax  roaotiaa 
rat  a a obaaxrad  for  tba  rmoataiysad  i^io^araona  daeoapoaltlsa 


of  organic  paxoxidaa  radatlra  to  taat  of  bytro^oa  paraxida, 

Orr  oad  7122  laaa  (it)  bar  a iatarpratod  boa  rorUta  of  taa 

-»  ^ 

3 oiior /Tioudaioa  of  aa 


farroua  ion  roaction  cnoon  in  7 ip.  3 
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electron  020333  into  tha  0-0  bond  givaa  a losr  activation  020257 
b7  increasing  ths  availability  of  electrons  for  coordination 
sdth  ferrous  ion  in  ths  acti7at3d  coupler. 


4 3323 ?al  guide  for  c ©sparing  ths  stability  of  psroaidoa 
has  been  pat  forward  by  ailch  (15),  dio  stated  that,  a?  to 
a point,  ths  C-Q  bond  on 3237  is  increased  by  negative  charge 
transfer,  Dobs  observations  consistent  eith  each  a generalisa- 
tion sere  list td  omrlior  by  TJalch  (iS)  as  folios*;  acyl  par- 
es ids  3 doooiapoaa  appreciably  even  at  rooa  taapsraturs,  sad 
axa  sore  reactive  than  aryl  (307!  substituents  are  electron 
attract  lag,  aryl,  repelling),  dialh7l  peroaidas  are  cars  stable 
than  ths  serre speeding  hydro pe resides , vhich  la  turn  dooespess 
loss  ■ readily  than  hydmsy  aliyl  pares  Ida  a,  ITCCn^Ca,  and  ' 
assong  nlbyl  hydroperoxides  stability  increases  in  the  order' 
primary,.  secondary,  tartiary.  Talob  (15)  osphaaiaed  that 
charge  transfer  affects  bond  itrength,  but  net  necessarily  bead 
dissociation  energy,  and  that  aoti7at ion  energy  isay  not  fear  ' 
oonceraeaaglely  vith  0-0  bond  fission*  . ...  •;.—  .-iy.  •- 

.■■  Shis  principle  of  charge,  transfer  is  of  nndcubt ad  insert- : 
anso,  bat  7it  ia  not  clear  that  the  offsets  of  charge  transfer  hays 
pot  been  r^ocgnlacd  and  codified  into  a c insistently  reliable; 
theory,  Jor  osaapla^  barina  peroxide t a nearly  coapletaly- 
ioaio  substance,  ia  notably  etable,  .On  the  other  hand,  - ^sosS  - 
cited  ia  the  diccuaaion  baloe  baa  doaenst  rated  that  addition  of 
electron  recalling  substituents  to  acyl  peroxides  increase®5  ■■ 
their  rata  of  decomposition.  It  uould  appear  that  aay  caapari- 
sea  rhich  ia  sade  should  deal  aith  aiailax  processes,  that  la, 
breaking  of  the  sane  bond  ia  ths  same  an7ircnaent  by  a con- 
sistently hoacgenecua  or  heterogeneous  process  involving  the 
3sse  or  ogival  ant  co-reactant,  initiator,  or  catalyst,  for 
sxasnle , if  the  rate  of  hcacgeaecua  gas  phase  decoapcsitissi 
la  oeasldersd  It  appears  that  organic  peroxides  are  leas  ■ - 
atable  than  hydro -pa  peroxide,  2ha  instance  of  react ica  vith 
f trreaa  ia  >a  ths  other  hand  ahrse  hydro fea  peroxide  to  be 


3 


a di 


cj-d  xvaaiivv  of  ths 
atincticn  should  ha 


peroxides  esneidersd.  In  particular 
mdc  between  tha  susceptibility  of  a 


>3 to 3 id.}  to  03pl03ion  02  dsboaablen  and  tba  Tata  at  vhiah  it 
usdorgoss  roaotian  tiadax  trail  dafiaad  conditions, 

astmjzca  C7  niznccu  737,03223  22AflTIGJ3 


Tbs  description  of  a hydrs^a  poroaila  xs action  according 
to  tha  forego iag  classifications  can  be  reads  oit2i  al^a  precision 
and  cortaiaty,  02  ray  at  least  4a  principle  b#  20  dstsxaissd, 
20x9792,  it  io  regui rod  to  bncx  bha  nocasniea  of  a rseebioa, 

i.j.T,  to  hxn  aoso  bxnriedgs  of  tia  iabaraediats.  at  at  09  assmssd 
by  bas  paxbicipabing  absss  and  oloctxoas,  tbsn  no  soeh  ssxbaisiy 
con  '23  off arsd,  fbia  ia  a snbjsci  far  aiaiob  aatisfaotosy  tSabxjr 
baa  only  recently  began  to  bo  doroiofsid,.  'rad  irnroxorsant  to 


nccli  2023  nncfol  1 37 ala  of  rcfiaosenb-  237  be  etr^octod,"  2a  tba 
following  paragraphs  a sarsasr  of  eagssstiona  -rsgaxdiag  sschaaicas 
oil!.,  bo.  rsyissrcd;  £xisfl7.  ^eriuspa  tfca  aost . iappytaat  conclusion  - 
to  bo  rsschsd  is  that  neither  bhs  seep*  of  ospsrinsntal  facta  . 
202  ths  scat  advanced  bhsory  alls*  any  ^asrailsatioaoA  by  shieli  ~ . 
tfcs  nachaai^a  -of  hydrogen  pares ids  reactions  can  bo  predicted 
02  379a  classified  nanqairccally  as  present. 
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of-  hydrogen  porsaida  prcridos  330  all  sat 
2j3  2.37  iaadocuata  neb  equations  azs  to 
2f  a 235  reaction  auca  aa  {5)1  rmici 


ehoxa  tea  ©nidation  of.  hydrogen  paroaids  by  pptaasina  psasaxr* 
3anataj  is  considered,  th-sre  innediabaly  axis**  tbs  quaatioa 
of  srhsthar  tba  interaction  of  tan  noloculos  ia  rsslly  in7©l73d. 
Sanction  {3)  son  also  bo  rrittan  la  alightl7  different  aazmox 
by  adding  320  2020  aulfaxio  acid  znlocula  to  bha  raactanta  asd 
expressing  bha  potaaaiaa  salt  product  as  tie  bisulfat*,  2230^. 
3h*  latter  uncertainty  1 a rolioTSd  if  it  is  racallsd  that  this 
reaction  43  ordinarily  condaotsd  la  iqnaeua  eolation  nfc*x*’C*s* 
tain  of  ths  reactants  aad  products  ass  la  ianisad  fora,  ^ims 


U ia  xnaaonab Is  to  allaiaato  as  iaaxt*  ioas  of 


'ttasaiaa-, 


, 1 1 


1 3 ) 
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In  one  reopaot , haearer,  this  prooa&uxe  has  complicated  tha 
mattery  thirteen  reacting  solsculss  nor  replies  ths  original  tan, 
la  addition  it  ia  uncertain  at  rhich  point  ths  application  of 
ionisation  should  ha  stopped,  It  is  knom  that  hydrogen  paroaids 
can  ionisa  to  a slight  extent  la  aquacua  solution  to  fern 
hydrogen  and  psrhydroxyl  ions.  Although  thaxe  la  so  hesitation 
about  shoeing  the  potaaalua  poxa&ngaaato  aa  coaplatsly  ionised 
it  trill  be  recognised  that  hydrogen  peroxide  ia  a trogu  acid, 
and  unless  the  reaction  ia  carried  cut  ia  basic  solution  little 
peshydroxyl  las  sill  he  present.  It  night  he  insisted  that  perhy- 
drssyl  ion  is  the  react i7e  fora  even  if  present  only  ia  snail 
pr oportisna.  Sbatsvsr  the  merit  of  this  suggestions,  It  necessarily 
leads  to  further  increase  in  the  number  of  reactant  20l3cul3s 
written  In  the  net  equation. 

Staufilse  Poeotlens  “ ‘ 

This  alessstazy  discussion  has  dssamatratsd  the  laa^oquncj 
of  Motion*  a.  aeolmiatio  doeoiijtioo..  <R^pa&  W 
offered  in  explanation  is  that  net  reactions  she^oaljrthe  sua 
Of  a series  of  individual  reactions.  7or  oxaapla,  it  has  been 
suggested  that  in  the  case  of  the  action  of  hydrogen  peroxide  as 
"i' reducing  agent,  as  in  the  permanganate  reaction  under  discus- 
sion, the  hydrogen  per oxide  mu3t  first  oaidirs  the  substrate, 

, followed  by  a redaction  by  rater,  thus: 

(15) 

(16) 

. fro  objections  are  imaediataly  raised  to  this.  It  nay 
often  he  incredible  that  an  oxidised  substance  being  reduced  by 
hydrogen  peroxide  should  first  be  oxidised  even  higher,  Sven 
if  it  is  insisted  in  the  f see  of  an  3xseedingl7  unfavorable 
energy  relationship  that'  higher  oxidation  may  oocur  in  minute 
proportion  there  resains  the  further  criticiia  that  in  both 
reuctiors  {l4)  and  {15)  there  has  in  fact  bsen  an  assumption 


HgOg  + 2H+  + a+ 


21**+  EHgO 


®8° 


4h  + 2t  + 0. 
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of  aechanisa,  a,iaal7  that  embodied  in  tha  reactions  rrittan  to 
3397333  tha  half-call  potentials,  (6)  and  (10),  fa 73  of 
thaaa  rtaotiona  too  haa  no  ralation  to  aaohaaisa,  only  sat 
73  jul t a regarding  tha  020737  and  nature  of  tha  raactaata  and 
products  being  of  concern,  A nunber  of  othar  half- 73 act ions 
can  ho  listed,  and  in  tha  absence  of  any  additional  basis  for 
choice,  combi  nations  of  these  07  perhaps  of  others  as  srell 
certainly  merit  consideration. 

E^02 — *^02  * S*  3.  a"  (17) 

ca  + ca” — *-  + o"  VA (13) 

ch  sch“— *-  0^“  + + a“  &?? 

(20) 

0g3 — =*»dg  + sf*  + e~  ~’r/rt  ■ (21) 


Sran  if  no  direct  experimental  *57idanc«  for  tha.  ssictesce  of 
soma  of  these  iatasaediatae  were  available r their  consideration 
for  the  simplif ication  in  the  nolocularity  of  reactions  seems 
reasonable,  .\-\r " 

An  additional  idea  regarding  sachanisa  has-  bean  touched 
on  in  the  shove  discussion,  The  thought  that  exceedingly 
small  proportions  of  uncossaonl7  highly  oxidised  substrate  nay 
be  act  ire  in  hydrogen  peroxide  reactions  haa  been  frequently 
expressed,  Perhaps  even  more  use  of  thia  haa  been  aade  in 
explaining  decomposition  pxocaaaee,  as  in  the  following  chap- 
ter. The  rather  high-standing  oxidation  potential  of 
hydrogen  peroxide  permit  a reasonable  consideration  of  thia 
idea.  In  the  absence  of  any  direct  hnoeisdge  that  ouch  m ' 
oxidation  is  not  passible,  the  only  limitation  entering  the 
problem  ia  the  reaction  rata  permitted  by  the  snail  concen- 
tration of  oxidised  substrate,  Presumably  it  night  be  oal- 


lated  rhat 


ia  turn  da pond  oa  each  a dotailsd  haowla&ga  of  izachaaicn  that 
th*  purpose  weald  fee  dofnvisd.  Inothar  ides  oinilnr  to  thin 
fees  beta  edraaoed  repeatedly,  It  la  possible  that  hydrrgta 
pares  id#  react*  with  substrate  colaeulo*  t©  fora  pares  Idas  or 
hydroperoxides  whioh  say  fee  sere  powerful  raaotaat*  thaa 
bydrofsn  p*  real  da.  Sham  such  a hypothesis  has  been  adygaoad 
it  has  been  saldea  that  tha  actual  osiatsac*  of  t fee  pa  reside 
fees  baan  dcsonst rated  or  that  it*  theraodynsaio  potential  baa 


Sacent  re-oral  nations  of  tie  concept*  of  oxidation  and 
mdnotloa  (17)  , (23)  say  fea  halpfnl  ia  considering  those  idss*. 
ffhw  usefulness  of  the  tors#  oxidation  and  redact  lea  la.  feast— 
Halted,  according  to  Hall  lion  (19),  to  description  of  sat 
.pzoooaaes  asd  to  th a foraaliatio  asaigs&aat  of  charge  to  dtrsa* 
f#  da&  with  the  actual  (or  supposed)  acehanisa  of  roactioa 
th#  concept  of  tendencies  toward  daetrea  soooptomo  £7  ^^2- 
atoa  33»  brought  into  consideration,  Ssss  aspcots  af:  di^v.4' - 
which  ara  of  lap®  stance  in  interpreting  the  roast  loss  of  h$&23- 
gen  porozid*  aro  sentisasd  bolow,  - v\  .,  •>  xtri^x-^ 

art  ilaotraBUasSriiatld. . parties  > ] 
theorista  sere  troubled  fey  a fancied  Inch  ©f . jsssotriad 
accessibility  of  the  3573m  in  bydrognn  pazosldoy  leading,  to,  . 
the,  prariaialy  discussed  insistence  ©s  tho  trigpaal  .htrsstusg* 

Inadequate  efeeeryaticn  impeded  pregmssj  -cr  sasapls,  

SftBoroft.  (20)  wrote:  ’the  chsaistry  of  hydrsgsa  pemsida.  ia  a 
hopeleaa  subject  for  the  phenoaenolsgleal  or  3ao Onion  eaperi- 
aonter  because  aieleading  axperinent  ia  emrywhom,*  2hia 
lata  mating  atatanant  has  been  widely  not  load  and  area  oast 
Into  Tmach  fey  fhissse  (21)*  It  soma  to  iaply  that  specula-  , 
tioa  will  ooaa  nearer th#  truth  than  experimental  results. 

Shorn  la  no  doufet  that  the  large  literature  of  hydrogen  par" 
©aide  abounds  ia  poorly  reported  and  iaprweine  asperiasata- omr 
narrow  rage#  of  coaditiona,  HeTerthelsia,  ofeaerra tltn*  0#  pre- 
tiaiba  cm  fee  nade  and  these  can  fee  interpreted  yaliily,  ?hs 
fraaaworS  for  such  33  Intorpmtntlsa  snst  fee  fensed  on  1 osar 
jideratica  of  elaotrtaia  theory,  23  need  in  the  preceding 
ofenptar  to  datoxnino  atruoturs.  Tbi3  approach  adds  to  tha 
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concsxn  about  the  xolati73  pm it ions  of  tbs  atoaj  aba  srequixe- 
asnt  that  tha  olsctxon  distribution  about  tbs  at saw  also  be 
csnsidsxtd,  Host  of  tha  d07olo^3«at  of  ouch  tbaexy  baa  been 
dus  to  organic  chaaiata  (22,23)  xatbsx  than  to  physical  ox 
inorganic  chaaiati,  hut  it  a 'oataaoioa  and  application  to  hydxegea 
paroaida  reaction* is  perfectly  fans ibis. 

la  ordsx  to  follow  sad  dssoxib*  at onto  position  aad 
elsotxeo  distribution  throughout  a roaot ioa  it  is  useful  to 
Tisualio#  tbs  xoaotioa  as  occurring  la  a snnbor  of  .it ago*  07sn 
• though  such  stages  oannot  ia  fact  be  -aspaxataiy  distinguished  _ 
ospsrissntally.  7or  osaapls,  5ouIssa  (24)  di7id3o.thX9i.iato 
Cl)  the  initial  stags  of  approach  of  rasaotaats  bsf ®sa ..rpeotioa ^ 
begins-’,  (2)  the  polarised  state  with  tbs  mutants  nsesgaina&U 
but  in  a perturbed  state,  (g)  the  transition  state  with  220337, 
at^aPsaxlaaB  and:  reactants  rearranged  and  fused  lata  a trscsi-.. 
tioa  cenpissi . asd  (4)  the.  final  state  with  She  prpferte.^ 
^♦separated*.-  5Jma»  ia  ordor  fox  a not  shaaioal  ohssgs  te  he  ’ 

• r obfeerrsd  dth  hydrogen,  peraxida  it- say.,  be  saeeeMjggr  for  scd>— ' J 
sacuen-fc  or  parallel  steps  pf  activated  complex  forsstlsa  and 
bond  breaking  to  occur  @aoag  the  product 3 of  tha  initial  rotation 
ox  with  additional  hTdrcgea.. saroxids*  In  ::sa»  <2 anna  no  boads  in 
-\hhe  bydxogsa  peroxide  need  bo  broken,  in  othere  urs,  two,  ax 
nil-  nuat  be  broken*  - 

.-  2ha  isagnitude  of  the  energy  necessary  to  fora  tbs  activated 
7 ccnplsx  {25)  is  of  considerable  Insert anca  nines  it  deteraine* 
tbs.  rate  of  no  action,  ox,  indeed  whether  tbs  reaction  can  pro- 
ceed at  all*  ....She  energy  available  fox  this  in  not  nallaited 

9 • - 

being  derived  ia  thexaal  reaction*  froa  the  blast  is  energy 

cf  the  reacting  solaculsa*  She  oircuaatance  uhich  peraiia  coar 
tinned  consideration  of  a aachanisa  involving  the  break  lag  of 
d strong  bond  ia  the  fact  that  bond-breaking  (ox  2217  of  the 
other- reaction  steps)  does  not  occur  as  a discrete  act*  It  is 
not  noesasa xr  to  -apply  all  thin  energy  and  break  tbs  bond  oca- 
pletely  because  tbs  bond-breaking  pad  bond-fnralsg  procedures 
30  forward  together,  fbia  process  in  not  lisitad  to  lbs  break- 
ing and  fanning  of  canal  ant  bonds,  but  as  Ingold  points  cut 
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Infold  (mf,  22,  pjv  3I5,  35^)  tfishaa  to  close  fcha  definition 
coxa  strictly,  Halting  oolocularity  to  ‘'tha  nnabar  of  xsolsoulaa 
nsosaaarily  undergoing  ccvalanoy  change.3  Others,  3,g, , 

3aiia  (27),  point  to  tha  inportanoa  of  intsxactiono  of  ona 
maotant  uith  solvent  ox  other  solutaa  in  ouch  a nay  to  pre- 
pare it  fox  reaction,  It  io  possible  that  interaction  uith  an 
adjacent  aolsculs,  ordinarily  thought  of  as  inart,  sight  causa 
redistribution  of  tha  chaxga  in  the  hydxosan  peroaide  nolsculs 
in  such  a nay  that  ona  and  of  tha  molecule  night  ha  substantially 
positive  nrith  respect  to  tha  othsr  sad,  facilitating  tha  approach, 
and  therefore  tha  reaction  nith  another  solsculs  ox  ion  and  its 
■shall  of  solvation,  The  reaction  nay  than  ha  typified  aa  requir- 
ing a o one-art  ad  push-pull  hy  solvent  and  reactant  and  could  ho 
const  dared  torael  ocular,  Ingold  (22)  regards  such  interactions 
33  too  diffuse  and  general  to  alien  classification  of  reaction 
typo,  Those  ideas  and  conflicts  have  bean  reviewed  by  Haaich  (23), 
Oth a r solutes  aa  sell  as  solvents  can  aloo  assure  such  a role  in 
reaction  nschanisnaj  2 or  eaaaple,  electron  transfer  (oridation) 
fxsn  Sr**  to  17a***  in  catalysed  by  tha  presence  of  chloride  ion 
(23).  This  entire  group  of  offsets  duo  to  tho  assistance  ©f 
□Iso  treat  at  is  or  other  for  coo  is  nail  sapr eased  by  3ullihen*s 
t j-n  (13),  ‘bavin  onaantv&  cooperation^, 

These  ideas  ora  to  a largo  sntsnt  ns^r  and  controversial, 
duch  of  tha  masoning  involved  is  intuitive,  hut  tho  basic  preaisas 
arc  sound  and  provide  a useful  basis  for  discussion  of  mechanics, 
Tha  terminology  and  tha  validity  of  various  viewpoints  on 
cachanioa  am  discussed  by  liullihen  (19).  This  sou  mo  is  also 
of  valua  in  indicating  hov  much  systeaatisation  is  p©3aibla  al- 
though tbs  elaborate  nomenclature  adopted  mill  not  appeal  to 


aan7. 

•gharaotorlitica  of  Trtroren  garoaide  in  it  a Tlsaottoaa 

lyimrervaidnts  To-nation.  The  simplest  react  ion  of 
hydrogen  paroaide , at  least  in  visualisation,  is  the  addition 
of  the  molecule  as  a thole  to  another  molecule,  that  is,  feraar 
tion  of  a hydroparemidate , In  tha  analogous  formation  of 
hydrates  several  net hod 3 of  binding  arc  currently  recognised 
as  possible , and  tha  -star  of  hydration  or  crystallisation  is 
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thus  distinguished  according  to  the  designations,  coordinated 
water,  anion  water,  2 at tic a water,  ox  naolitic  water.  Sipsri- 
sental  background  ia  inadequate  to  establish  ot»S a categories 
for  the  analogous  compounds  with  hydrsgon  peroxide,  especially 
for  tbs  1 33#  sharply  defined  classes  of  lattice  and  seolitio 
binding.  The  brief  observation  bj  Oill  at  It  tar  (30)  that  alt* 
nay  fora  a bydrcpsroxidats  cuggests  a poaaibla  instaaoe  of 
lattice  binding  but  the  study  by  n&naberg  (32)  casts  doubt 
on  this.  Bora  recently  it  baa  teen  observed  (32)  that  an 
aaiaa  psrsotita  ia  capable  of  taking  up  hydrogen  peroxide.  It 
ia  also  unclear  whether  stable  coordinate  bonding  of  the  bydrogan 
psroxide  solacula  aa  a whole  cocure.  2hs  improving  descrip- 
tion  (33)  of  the  electronic  nature  of  the  coordinate  bond  prcaises 
to  threw  light  on  thia  important  Question.  It  ia  suggested 
that  coordinate  bending  of  bydrogan  peroxide  cannot  occur  uith- 
ent  seriously  reducing  tbs  stability  of  tbs  molecule,  It  appears 
likely  that  the  shift  of  charge  away  froa  the  oxygen  atone 
required  in  the  foraation  of  a coordinate  bond  could  either 
estate  dlaraptlon  of  the  molecule  or  induce  ita  ready  reaction. 

Such  a function  sseaa  to  be  provided  by  the  snaymea  peroxidase 
rynJ.  eatalate,  and  it  is  suggestive  in  this  resptet  that  nearly 
all  the  beefier  natal 3 are  assailant  decomposition  catalysts. 

If  valence  bond  breaking  i3  induced  by  formation  of  a coordinate 
bond  it  seeaa  noat  reasonable  that  thi3  would  occur  at  the 
h7drogear037gen  bond  to  leave  a pexhydrosyl  ion. 

The  definite  hydroparoxidataa  which  have  been  shown  to 
occur  are  noat  acceptably  understood  as  hydrogen  tended  ccapouada 
analogous  to  the  class  of  anion  rater  compounds  mentioned  above. 
The  prooeaa  of  faming  hydrogen  tends  appears  to  be  simple  mech- 
anistically, The  nature  of  the  hydrogen  bonding  tdiioh  occurs  with 
hydrogen  peroxide  ia  briefly  discussed  in  connection  with  the 
associative  properties  in  Chapter  6,  It  is  seen  how  the  electro- 
negative character  of  oxygen,  the  polarity  of  the  C3  link,  and 
the  small  tine  of  the  hydrogen  atom  contributed  to  the  formation 
of  those  bonds.  It  is  also  pointed  cut  that  these  bends  nne  too 
weak  to  be  long  maintained  in  tbs  gas  or  liquid  phaa^»  only  ia 


solids  do  thay  maintain  identity.  Frca  thasa  quaiitios  it  is 
oasily  appreciated  that  hydropaxonidataa  (and  hydxataa  aa  trail) 
axa  f or~3d  uith  compounds  containing  tha  highly  oXactron3gati73 
atoaa  such  a3  nitxsgan,  037530,  and  fluorine.  Esf or ancaa  to 
studios  of  th33«  bydrsperoxidat 33  ora  gi7an  in  Chapter  12». 

Heat  of  tha  infoxsation  xelataa  only  to  tha  ©ocuxxanca  of  these 
compounds,  and  littla  can  be  said  about  the  mechanim  of  foxnar 
tion,  whioh  la  assumed  to  be  little  coxa  than  suitably  cxiantad 
collision  and  adhaxecca,  In  3327  cases  thesa  X3poxt3  of  occur- 
rence used  confirmation,  lliinsbaxg  (31)  found  by  microscopic  on- 
oaination  that  nany  of  the  xapoxtad  by&ropexonidatei  nere  in 
fast  only  inclusions  of  mother  liquor  in  the  crystal  mass,  and 
xopoxted  negati?*  results  fax  a large  suabtx  of  salt 3 tost ad 
fox  hydxopa roxi date  formation,  Interesting  facts  regarding  tha 
nature  of  tha  bonds  formed  are  proyidod  ’07  the  ebaarratioss  of 
Husain  (34-)  that  the  capacity  of  phosphates  to  bind  hydrogen 
pcroxida  increase*  in  tha  ordarj  primary  phosphate , secondary 
phosphate,  pyrophosphate.  With  oach  salt  type  tha  potassium 
salt  uaa  found  to  bind  coxa  firmly  than  tha  codim  aalt. 

H&ixbaxg  (31)  found  it  a rule  that  only  di-ox  polybaeie  acid3 
could  bind  hydrogen  peroxide.  It  uas  observed  as  a result  of  tha 
study  {35)  of  tha  formation  of  h7dxop-»xo3idat33  by  jocI  that 
hydrogen  paroxide  is  bound  nora  firmly  by  anino  groups  than  b7 
carbonyl  ox  hydroxyl  groups.  Similarly  it  033  concluded  (3 $) 
that  tha  aaino  group  uaa  responsible  fox  tha  absorption  of  hy- 
drogen peroxide  on  an  ion  exchange  rosin,  lari  and  Hattaglino  (3?) 
obaaxTSd  that  hydrated  hydropexonidataa  retained  tha  hydrogen 
peroxide  uora  tenaciously  than  tha  uatax. 

?3lonca  Sand  ^roaSriusp  Pxcoaegae.  In  cthar  reactions  of 
hydrogen  peroxide  one  or  nora  of  tha  valence  bonds  of  tha 
molecule  ie  brohen,  and  along  nith  this,  cortain  electron  trana- 
fax  processes  nay  occur.  Jive  possible  net  prccegaea  can  be 
readily  discerned,  fhase  naj  be  rrittan  a3  failure,  in  uhich 
the  dot  a represent  tha  elect  runs  of  a coral  ant  bond  and  tha 
b rob an  llnas  indicate  tha  separation  to  ba  visual  is  ad. 
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1 

HO  ;jOH  - 
1 

— > CH*"  + 0H+ 

(23) 

SCOTS'"  H - 

— >*0g3  + B 

(24) 

1 

ECO  I jB  - 
1 

— > OgE’  + B* 

(25) 

1 

Eco  I : a - 
1 

— > + a“ 

(26) 

Tbs  oasss  (reactions  (22)  and  (24))  ia  irbiob  tbs  ten 
olaotrsas  ars  obarod  by  Sit  pradaoss  ars  eaoaplos  o 2 hesolytio 
Talonas  bond  fioaion,  3inc«  oacb  product  baa  aa  gdd  olootroa 
tbsa*  ars  tizsad  frss  radical  sscbaaiaas.  Tbs  tbrss  oaaa* 
(reactions  (23),  (25),  and  (26))  ia  sbicb  both  olrotrona  of  tbs 
brolcaa  bond  rsaaia  with  ©as  of  tbs  product  Eolooulas  result 
-ia  Ut  forsatioa  of  charged  products,  Tbs  as  proossass  ars  tsrssd 
ion  is  nscbaaiuaa  and  occur  by  batarolytio  fioaion,  Otbsr  ioaia- 
lag  proosssss  iaT9l7irg  reaoT.al  of  on  electron  fron  tbs  rroljculs 
aa  a tdiola  can  fes  riaualiaad,  bat  tbs  onargy  rsfjuirsasats  for 
snob  ioalaatioaa  (23-1  p,3?i  Sbj^iir  6)  ars  oomrnl  fall  -'boss 
of  tbs  reactions  Juat  dinouaaad  sad  do  not  csss  into  oonailsrar 
tioa  tjitb  any  obaaiotry  so-  far  xepertsd,  Wit! b tbs  adrsnt  cf 
stadias  of  doc  caps  sltioa  procsaaa-s  initiated  by  ioaiairg  radia- 
tion mob  ions  aay  bs  found  to  bs  of  iaportanos  (jd),  Tbs  ion 
BgOg  mentioned  by  Utica  (3d)  is  difficult  to  imagine  t although 
combined  electron  la  pact , splitting  of  tbs  hydrogen  psxoxids, 
and  Incorporation  of  tbs  electron  into  a product  say  occur, 

Da  action  (26)  ia  a ratbsr  uni ib sly  oas  for  hy&rogsa  psrssids  to 
uadargs  and  sill  not  bs  coasidsrsd  furtbsr, 

21  ia  ©flea  not  iirssd  lately  peaaibls  to  choose  tbs  seat 
liholy  of  reactions  (22)  to  (25)  to  suit  a particular  cat  of 
reaction  conditions,  although  tbars  are  a feu  principles  for 
guidance.  In  daccapeaitioa  processes  occurring  in  tbs  ?npor 
pbaaa,  uhathcr  thcmal  or  pbotocbsaical,  reaction  (22)  ic  tbs 
noat  liicly,  mao  Sion  (24)  being  next  nest  probable,'  Reaction 
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with  other  substances  in  tha  vapor  vary  likoly  also  ocour3 
solely  through  free  radicals,  In  tha  liquid  phaaa  tha  factors 
of  environaental  cooperation  naka  tha  ionic  reactions  (23) 
and  (23)  cors  likaly.  This  conaa  about  through  reduction  of 
tha  diraot  energy  xequireaent  to  bring  about  thaa#  ionic 
reactions*  as  discu33ad  abovaf  tha  tonparature  lovel  of  ooncarn 
in  liquid  phase  reactions  i3  too  low  to  pa  nit  significant 
tharaal  aotivation  of  tha  unassistad  disruption  to  free  radioala, 
Hith  tha  introduction  of  energy  to  tha  liquid  via  photachaaioal 
or  ionising  radiation,  however,  free  radical  reactions  0® 
again  occur. 

Because  tha  electron  oh  all  3 of  hydrogen  psroaida  are  coa- 
plata,  it  ia  necessary  that  tha  nclscula  be  split  before  further 
electrons  can  be  accsptad.  Likewise  ia  o-dax  to  donate  an  oleo— 
tron  or  a chars  ia  an  electron,  it  is  likely  that  tha  nolocule 
suat -be.  split,-.  2ha  focus  of  attention  is  oubaaquaatly  on  the  _ ... 
sore  mvel  or  uniquely  react  Its  frsgaent,  Ia  the  case  of 
reaction  (23)  this  is  the  Cl*  ion,  an  olootrophilie  or  electron 
accepting  entity,  which  ia  analogous  to  the  oarboniua  ions, 
la  reaction  { 25)  it  i3  the  0^2”  ion,  a nucleophilic  or  .electron 
donating  ontity,  2hi  hyd ronyl  free  radio  31  prob*bly  ds-wrres 
. classification  aa  aa  aljctren  accepting  body,  while  both  alee  tron 
accepting  and--, electron  donating  roles  haw  been  a3 signed  to 
. the  perhydroayl  fros  radical,  Other  characteristics  of  pro- 
cesses involving  free  radicals  have  been  described  by  Haters  (39)* 
and  free  radical  and  ionic  aechaaisas  of  organic  pa  row  ids  a 
have  been  ccaparad  b7  ?obol3ky  and  nesrebiaa  (ref.  40,  F9*57““59)* 


Slsotron  Transfer.  It  has  been  noted  that  Electron 
exchange  aay  accompany  tha  valence  bond-breaking  which  occurs 


in  reaction,  This  provides  another  way  of  typifying  hydrogen 


peroxide  reactions,  introduced  by  Browne  who  pointed  cut 

that  in  acting  as  aa  oxidising  agent  hydrogen  peroaidt  accepts 
two  electrons,  whereas  sene  other  oxidising  agents  accept  only 
one  electron,  Brown  used  this  aa  a ba3is  for  classification, 


inventing  tha 


A*  -»*«%  r^| 
-J  -J  — , — 4 -3 


.one-  and  di-del setronat  or 


tion  is  a valid  one, 
tr/o-slectxon  change, 


but  tha  la 33  cunbaracme  ters3,  cne-  or 
aa ea  preferable,  A slight  alteration  and 
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stiffening  of  Brovrab  definition  i3  al do  la  order.  All  not 
oxidation-reduction  reactions  of  hydrogen  peroxide  involve  two 
oleotron  charges,  but  these  caay  ta  inagiaad  to  occur  la  two 
steps  or  at  oroe,  faube  (42)  baa  otatod  a definition  quits 
distinctly.  A net  change,  formally  ropreaentod  as 

A**  + 3 * A + 3**  (27) 

is  referred  to  aa  an  exaapla.  This  reaction  is  presumed  to 
proceed  through  an  activated  coaplex  The  distinction 

batata  a 0229  olsctrsa  change  ard  a too  olaotroa  change  is  sot 
concerned  with  the  floe  of  electrons  la  the  coaplex  but  rather 
with  the  question  of  whether  oxidase  a can  be  found  fox  the 
existence  of  the  irtaxaadiate  species  A*  and  3*.  2f  thasc 
exist  (and  can  b#  demonstrated)  than  the  reaction  proceeds 
75a  quo  electron  charges.  Zf  tbs  demonstration  of  their  ^existence 
cannot  bo  cade  than  it  la  presumed  that  the  charge  is  a two 
elsotren  ©ns.  Tanbe  point jj  out  that  the  insensitivity  of  testa*  - ' 

A * ^7*1^  3^*  . - : — 

fox  such  intexnedlates  a3Aaay  cause  nisi ending  conclusions. 

There  has  consequently  been  aoma  difference  of  opinion  regarding 

the  possibility  that  hydrogen  peroxide  may  not  by  both  one  and 

tun  electron  chargee.  Uri  (43}  r,3^U3axtad  the  claim  of  Haber 

and  3a i aa  that  hydrogen  peroxide  never  reacts  with  a substrata 

oahirg  a bivalent  change  or  simultaneously  with  two  substrates 

Bathing  noravaleat  changaa  in  the  dir  act  production  of  oxygen  or 
* 

rater.  Ca  the  other  hand,  both  Taube  (42,44)  and  Christiansen  (43) 
hare  cited  evidence  that  two  elaotron  changes  do  indaad  occur  with' 
hydrogen  peroxide.  The  extensive  discussion  by  Cahill  and 
Tsabe  illustrates  the  problaas  involved  hers.  These  authors  sought 
te  detemine  froa  oxygen  Isotope  tracer  experinenta  whether 
the  oxidation  of  ferrous  ion  by  hydrogen  peroxide  proceeded  as 
a one  elaotron  transfer  to  the  forrio  state  «a  a two  elaotron 


* ?22ta  fax  free  radical  int  3 mediates,  on  the  other  hard,  arec 

highly  sensitive;  'for  -exanple  ^bholxhy  and  Ileaw&ian  (40) 
oita  eleven  mathoda  for  danopstratlns  their  presence. 
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transfer  to  the  Fc(IY)  state,  i.a,,  whether  reaction  (23)  or  (29) 

Fe++  * 2202  - + 02  t ClT  (23) 

ooourred  in  on3  step  involving  the  formation  of  only  one 
activated  complete; 

Fa**  + HgOg  » Fa(27)  * 2QH~  (29) 


7hs  initial  bond-breaking  3tap  in  tba  hydrogsn  psreaids  mole- 
cule nould  appear  to  bs  classified  as  the  aasae  in  both  cases. 

It  can  be  appreciated  that  if  73(27)  t?9X3  tbs  ultimate 
product  of  rsact ion,  this  net  result  could  squally  voll  be 
achieved  b7  carrying  out  reaction  (23)  and  following  this  by 
electron  transfer  from  ferric  ion  to  hydrozyl  radical.  Unless 
tbs  latter  interaction  is  quantitative,  honever,  corns  alt a mat a 
roaotion  of  hydroxyl  radical  vould  70x7  liksly  change  tbs 
kiuatics  or  net  result*  Cahill  and  Taubo  ooncludad  that  oxidation 
ua3  in  fact  proceeding  b7  both  tbs  one  and  tno  also tr on  transfer 
mechanisms. 


7hi3  cat  ter  nas  discussed  by  Bigginson,  Sutton,  and  bright 
(4?)  frea  cavern!  points  of  vies,  .and  on  tbs  bneie  of  experiment 
•they  cans  to  tbs  intaro sting  conclusions  that  tbs  rata  of  oxidation 
b7  hydrogen  peroxide  of  several  ions  of  multivalent  metals  cor  re- 
lated batter  uith  the  electrode  potentials  of  tbs  metals  for  one 
electron  steps  than  uith  tboss  for  too  electron  steps,  Although 
thay  admit  the  corrslation  nay  not  be  valid,  it  ie  suggestive  of 
preference  for  one  eleotron  changes.  The  limitations  of  a 
description  according  to  eleotren  order  should  be  kept  in  mind. 

Just  as  discussed  above  in  regard  to  the  concepts  of  oxidation 
and  reduction  it  is  oftsn  difficult  to  suggest  a clear-cut  path 
of  actual  elactron  tran3fsr.  ThU3,  as  has  been  noted  (4?),  the 
concept  nay  be  only  equivalent  to  stating  that  net  ©nidation  or 


reduction  occurs,  although  as  defined  above  the  usuage  carries 
a definite  implication  of  detailed  knowledge  of  nechaniaa. 

This  discussion  of  terminology  and  its  drawbacks  illustrates 
again  the  difficulty  of  organising  under  one  system  ideas  about 
mechanism  differing  in  level  of  detail.  For  example , the  reaction 


in  chich  forrou3  iron  ia  oxidised  to  farrio  iron  chile  producing 
a hydroxyl  radical  and  a hydroxyl  ion  froa  hydrogen  psroxids, 
could  to  classified  as  proceeding  by  an  ionic  cachanica  or  a frse 
radical  ceohanioa,  according  to  oheihar  reaction  ( 22 ) or  (23)  la 
balisvsd  to  occur  at  the  approach  of  ths  Fa**  ion*  It  ia 
believed  that  the  ionio  caohanica  ia  nors  liisly,  although  tha 
patha  followed  by  tha  electrons  exchanged  cannot  be  followed  in 
dstail*  At  the  case  tine  thla  i3  on  important  process  for  the 
generation  of  free  radicals,  and  the  subsequent  reactions  nay 
be  the  case  ones  possible  following  an  initial  free  radical 
diasooiation*  Alao  the  product  lonslihel7  exist  In  association* 
Thus  there  oxists  considerable  root  for  confusion  in  describing 
an  ionic  reaotion  invoking  electron  transfer  to  produce  a free 
radical  and  a coupler  ion*  Part  of  the  uncertainty  of  designa- 
tion arise#  froa  the  point  of  vise*  in  thi3  exsapls  interest 
is  centered  on  the  hydroxyl  free  radical  product.  It  is  per- 
haps appropriate  to  point  out  that  free  radicals  no  longer 
desarre  special  status  a3  extraordinary  oolaculsa.  They  are 
especially  react  ire  to  be  ears,  but  the  theory  of  valence 
accounts  fox  their  structure  cell,  noderating  tha  astonishment 
uith  uhich  they  rare  regarded  uhen  first  proposed  (39).  Aire, 
certain  of  the  1:5 ns,  , the  ferrous  ion  or  the  3g*  ion, 

could  just  as  roll  be  tamed  free  radicals  or  radical-ions. 

Another  characteristic  of  hydrogen  peroxide  uhich  con- 
tributes to  uncertainties  about  its  caehanisa  of  reaction  uhen 
ionic  clsavage  of  the  CO  bond  is  considsxed  is  the  identity 
of  the  too  halves  of  the  nolecule*  01th  other  peroxides  Z2CR‘ 
or  S0C1  there  is  a preferred  direction  of  charge  migration. 

And  in  the  eleaentaxy  related  snarple  of  hydroxylaaina  the 
tendency  is  aluaya  to  dissociate  to  Dig*  and  C 3~  rather  than 
to  lOg*"  and  Cl*  because  of  the  gre^r  electron  affinity  of  £3(43). 
Tith  hydrogen  peroxide,  hoeever,  there  is  no  tendency  for 
charge  to  migrate  in  one  direction  except  as  induced  by  the 
approach  of  other  molecule 3. 

Classification  Aonn-rdin.?  to  "^nd  Ironing  Process.  From 
’the  foregoing  diacusoicn  there  snerges  5hs  idea  that  tha  first 
step  of  a hydrogen  peroxide 


reaotion  Involves  the  formation  of 
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ona  of  tha  entitles  C3*,  OgH",  CH,  or  Gg3  a3  a coxa  or  leaa 
independent  interred late,  Tha  dagraa  of  independence  poaaaaaed 
by  auoh  epaoiaa  haa  bean  discussed  (xaf.  40,  pp,  107-212)  for 
tha  oiailar  oaaa  of  organic  peroxide  reactions,  Sleotren 
exchange  say  ooour  nearly  aiaultanaoualy,  Thia  classification 
of  reactions  indicated  by  9qaatioa3(22)ta(p^)  (with  tha  oxolu- 
cion  of  0g3)  uaa  proposed  by  Derbyshire  aad  Hat  ere  (’5^) , uho 
©»re  .of  tha  opinion  that  oach  of  th33e  apaoioe  has  well- 
defined  characteristics  allowing  discrimination,,  As  a scans 
of  classification  of  tha  detailed  mcchanisa  of  hydrogen  peroxide 
reactions  tha  practise  will  ba  adopted  hare  of  referring  to 
roact ions  inyolyirg  initial  f ematica  of  two  C2  radicals  aa 
bydroacrl  radical  -.aohanioaai  those  involving  formation  of  C3* 
and  CjC  ?111  be  tersed  hydroxyl  lan  raohaaieaa.  Similarly,  if 
0^2  iji  believed  to  ba  first  produced  thia  will  ba  called  a 
Tgcrhvdroxvl  radical  -eohaniea.  aad  if  dissociation  to  O^T  and 
H*  la  thought  to  occur,  refsrsnce  will  ba  mads  to  a icarhydroxyl 
ion  acchanisa.1 

It  will  ba  observed  that  the  two  ionic  mechanisms  axa  to 
ba  associated’ with  tha  concepts  of  acid-baaa  cataly3i3.  Tha 
Q~lf  ion  will  ba  recognised  a3  tha  anion  rarnxLtirg  f roa  di3- 
sedation  aa  aa  acid.  Conviction  that  tha  C3  ion  has  inde- 
pendent axi3taaca  cores  1333  easily.  It  ha3  been  cugg33ted  (50) 
that  there  occurs  tha  reaction 

H*  + ECOH  - EOCEg*  (3O) 

ard  that  tha  C2+  ion  subsequently  nay  appear  through 

hoci^  - BgO  + cs*  (31) 

Cne  striding  difference  between  tha  two  ionic  mechanisms  lisa 
in  the  fact  that  in  one  case  (£3*)  the  two  oxygen  atoms  of  the 
hydrogen  peroxide  molecule  are  separated  at  tha  beginning, 
whan  par  hydroxyl  ion  ia  involved  tha  oxygen  atoms  remain  together, 
at  laa3t  initially,  and  of far  tha  opportunity  for  than  to  remain 
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so  bound  in  tha  oxidation  to  molaoular  ozygen.  Without  iootopio 
labelling  tha  difference  nay  not  ba  apparent,  however,  For 
oaaapla,  both  bypeohlaroua  ion  (310~)  and  nolaoular  ohlorins  (012) 
raact  with  hydrogen  parozide  to  yield  ozygen  and  chloride  ion. 

In  the  faraar  oaoo  there  nay  ba  visualised  tha  reaotion  of  010” 
and  02*  to  fora  01C03.  In  tha  latter  oaaa  tha  interaction  of 
01*  and  Qg3~  say  yield  again,  01CC3,  Thia  chlorina  hydroperozida 
has  not  boon  isolated,  and  indaed,  as  tha  reaarie  of  Chaptar  6 
indicated,  it  could  b#  aspect ed  to  ba  quit a reactive,  Tha 
presence  of  tha  electronegative  ohlorina  should  enhance  both 
ionisation  of  tha  hydrogen  and  separation  of  ssolecular  ozygen. 
These  two  sot  a of  proposed  reactions  nay  73x7  nail  not  occur 
azactly  as  detailed,  but  as  a eean*  of  visualising  tha  bond- 
brssurlng  and  electron  transfer  at  spa  occurring,  this  procedara 
illustrates  ho*  tha  resulting  noleoulax  ozygen  21a 7 cone  solely 
fro*  the  hydrogen  parszida  or  nay  contain  a contribution  fro* 
tha  substrata  aa  wall..  Xh  actual  fact,  both  hypochlorite  and 
ohlorina  have  been  shown  to  produce  ozygen  solely  fro*  the 
hydrogen  perozids  noleoule  (Vo) , indicating  that  tha  sechaniaa 
supposed  above  *07  be  correct  for  aolecular  chlorine,  but  not 
for  hypochlorite  9 which  nust  involve  0,2  . Of  course  tha  ions 
€3*  and  0^2*  aaed/jSsays  react  further.  They  nay  ba  tha  csaui 

ila 

of  hydrozylation  or  of  hydro peroz ids  formation  directly^ 

Other  characteristics  of  hydrogen  pexozide  reactions  have 
been  point sd  out.  The  addition  of  ozygen  to  both  organic  and 
inorganic  coapounds  which  possess  unshared  oleotrona  frequently 
oooura  (ref.  39 1 P««&5).  Szaaplas  are: 


Aa(C3)3  ♦ HgOg  - + HgO 

(32) 

aj3  + . BgSO  + HgO 

(33) 

The  vori  of  Halparin  and  Taube  (51)  showed  that  in  an  instance 
of  such  addition  0?  an  ozygen  atca,  naaaly  the  ozidation  of  sul- 
fite to  sulfate,  hydrogen  parozide  adds  two  ozygen  at 0^3  to  the 
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sulfite  in  the  initial  step,  although  the  net  process  requires 
the  addition  of  only  one. 

Waters  (ref.  18,  p,S6)  has  pointed  out  that  the  organic 
free  radioals  which  attack  hydrogen  peroxide  have  a structure  which 
favors  maintenance  of  a high  eleotron  density  at  the  aits  of 
the  odd  electron.  Such  molecules  induce  chain  continuation, 
wharaaa  those  in  which  the  charge  is  more  evenly  distributed  do 
not  disrupt  the  hydrogen  peroxide  in  suoh  a way  aa  to  produce 
further  radicals.  The  more  commonly  thought  of  reaction  with  hy- 
drogen peroxide  to  produce  hydroxyl  free  radicals  is  the  one  in 
which  a metal  ion  is  oxidised  by  a one  valence  step.  Evans, 
Baxendala,  and  Park  (32)  found  by  initiating  polymerisation 
that  ohromous,  mercurous,  ouproua,  tltanous,  manganous,  and 
ferrous  ions  were  capable  of  generating  hydroxyl  radioals.  A 
feature  of  importance  regarding  the  transmission  or  propagation 
of  hydroxyl  free  radicals  in  aqueous  solutions  13  the  fact  that 

hydroxyl  may  exchange  with  water  in  the  reaction: 

( 

0*2  + H20  - 2g0*  + 02  (3*0 

This  possibility  (53)  has  been  tasted  experimentally  (5^,55). 

It  provides  a naans  uharaby  the  hydroxyl  radical  nay  have  an  ap- 
parent long  existence.  Exchange  with  other  species  night  produce 
a le33  reaotive  free  radical,  impairing  the  efficiency  of  the 
process. 

The  perhydroxyl  radical  on  the  othar  hand  must  be  generated 
by  an  oxidizing  agent.  The  possible  r$la  of  this  radical  has 
been  given  leas  consideration  than  that  of  hydroxyl.  A basis 
fox  speculation  about  perhydroxyl  was  provided  by  Baer  and 
Stein  (56),  who  studied  the  reduction  of  oerio  ion  by  hydrogen 
peroxide  and  proposed  the  reactions: 


0^  + HgOg  - EOg  + 

(35) 

Ca+^  + H02  - Og  + H*  + Ce*3 

(36) 

The  mechanisms  hara  ara  auita  different  from  those  involved  in 
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tho  ixon-hydroxyl  radioal  system.  These  reactions  axe  rapid 
(compared  to  the  sloe  ferrous  ion  reaction),  and  no  path  oxiota 
for  reoxidation  of  the  cerous  ion.  The  aystaa  naa  atudiad  at 


high  co id  concentrations  and  thaxs  uaa  no  o7idano3  that  reaction 


occurred  between  the  hydrogen  paroxids  and  the  perhydrexyl  assumed 
to  b©  pro,!  ant.  This  an  cord  3 tilth  the  hypothesis  that  hydrogtn  pax- 
©xids  reacts  only  uith  tha  suparoxids  ion,  0~T , nhioh  is  th© 
acid  dissociation  product  of  pexhydroxyl,  It  cannot  be  amid, 
bona73x,  that  this  study  of  eerie  ion  induction  is  to  fca  iatex- 
p rated  as  unequivocal  proof  of  a sschaaisa  involving  gerhydrexyl 
radicals,  A tn©  olsctrsn  neohaaisa  involving  the  coaplas  Carina 
diners  suggest ad  by  Heidt  and  Caith  (5?)  may  ala©  be  considered, 
m^tTn  ^tstxtbutioa  la  Hneoli  1.  ?e  sua- 

riaxiai  and  unify  these  ideas  regarding  the  general  characteris- 
tics of  hydrogen  peroxide  reactions  attention  ia  called  again  to 
the  oixl lax  renaxis  regarding  the  electronegative  ox  olaotxoar 
aoquixirg  character  of  cayman.  ?hia  ia  the  thread  running  through 
all  the  chemist xy  of  hydxcgan  peroxide,  and  it  ia  exceedingly 
useful  to  hoop  ia  nind.  As  an  aid  la  visualising  the  electronic 
environment  of  oxygen  ia  sene  of  the  sinplsr  radical  a ox  ions  of 
interest,  the  representation  of  7igurs  & nay  be  useful*  This 
figure  ah 3 73  ach anti 3 illy  the  probable  dim tribution  of  olootrens 
in  the  three  perpendicular  3^  orbitals  of  oxygon  for  hydro gear 
©37.3321  compounds  and  ions  containing  one  ox  teg  03730a  atone 
without  reference  to  hybridisation  effects. 

It  nay  he  seen  that  ia  the  uatar  molecule  ©ns  0373321  atom 
receives  the  charge  transfsrrod  to  it  by  two  hydrogen  atoaaj  . 
ia  hydrogen  peroxide  oaoh  orysen  atom  has  such  I333  charge  trans- 
ferred to  it,  This  trend  could  continue  to  the  oxygen  molecule, 

Og,  hut  fox  the  intervention  of  the  circumstances  allowing 
stabilisation  through  formation  of  the  the  three-elootroa  bonds* 

5ro  misconceptions  regarding  the  latter  should  he  mentioned. 


The  fact  that  the  oxygen  molecule  hears  tuc  unpaired  electrons  has 
encouraged  reference  to  it  as  a biradical,  inplyirg.  structural 
similarity  to  free  radicals,  la  noted  by  latere  (ref,  13,  p,?3) , 
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FIG.  4- A REPRESENTATION  OF  THE  ELECTRON  DISTRIBUTION 
IN  THE  p ORBITALS  OF  SOME  HYDROGEN  -OXYGEN 
COMPOUNDS  AND  IONS 


A oonaidarable  energy  is  required  to  unooupla  these  odd  electrons 
from  thair  thrae-aleotron  bonds.  Another  misconception,  corrected 
by  Oalah  (15)1  stems  from  regarding  molecular  orygan  as  double- 
bonded,^  According  to  this  viewpoint  *opaning  tha  doubla  bond* 
should  oaposa  the  full  reactivity  of  tha  oaygan  molaoula,  and  any 
intermediate  such  a3  EOg  should  share  thi3  reactivity.  If  ths 
two  thrca-aleotron  bonds  are  considarad,  however,  it  will  be  seen 
that  only  ons  naed  ba  broian  at  a tins,  and  that  cna  aich  remain- 
ing bond  should  confer  coreidaxabla  remaining  stability,  The  basis 
for  tha  suggestion  above  that  tha  superorida  ion,  Og  , ia  more 
reactive  than  parhydroayl  radical , 0J1  ia  also  shorn,  Tha  slatch 
of  tha  electronic  structure  of  and  0g3  shoes  that  although 
each  may  fora  a three  electron  bond,  In  tha  superorida  ion  there 
ia  present  in  addition  tha  repul3i©n  of  two  parallel  Iona  pair- 
filled  orbit ale,  7hu3  it  i3  not  inherently  necessary  to  assume 
(ref.  13,  p,?^)  that  upon  tha  formation  of  a ouparoaide,  SOg, 
from  molecular  orygan  tha  full  reactivity  of  the  orygan  ie 
orpoaed  in  a manner  analogous  to  that  of  other  eleaanta  ia 
saturated  radicals. 

Reference  to  Jig.**,  aay  also  aid  in  considering  Ual3h*3 
postulate  (15)  that  although  charge  transfer  to  the  peronila 
group  strengthens  the  bond  between  the  027333  atoms  this  process 
can  only  be  carried  20  far*  further  charge  transfer  re  a!  ere 
tha  bond.  There  are  savaxal  aspects  of  thi3,  and  it  is  unoar- 
tain  just  how  far  this  reasoning  can  be  carried.  For  ©raapla, 
tha  free  perorida  ion,  Og",  has  a structure  iscalectronic  with 
the  fluorine  molecule , F^,  and  tha  repulsion  of  two  seta  of 
two  parallel  filled  orbitals  might  be  thought  to  oontributs  to 
reactiwity,  Ths  relatively  unreaotive  nature  of  barium  peroxide 
would  appear  to  refute  thi3,  however,  it  is  diffioult  to  deter- 
mine just  how  far  tha  process  of  charge  transfer  has  proceeded 
in  this  case.  It  i3  clear  that  the  Og*  ion  lacha  the  extra 
stabilisation  of  the  extra  bonding  in  tha  027300  nolacula,  and 
it  is  thi3  fact  which  permits  tha  statement  (^<5)  that  removal 
of  electrons  from  0 5 strengthens  tha  bond  between  oxygen 
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Examples  of  Hydrogen  Peroxide  Reaction  ?laohanlnma 

Hydroxyl  Radical  Hachnninm3.  Reactions  and  dacomposition 
prooagaoa  of  hydrogen  paroxids  which  procaad  via  hydroxyl  radical 
msohaniams  hava  baan  proposed  for  tha  vapor  phase  with  thermal, 
alaotric  discharge,  and  photochemical  initiation.  In  the 
liquid  phase  thia  ra8chaniam  haa  baan  suggested  only  for  photo- 
chamioal  initiation,  Tha  actual  presence  of  hydroxyl  radicals 
was  demonstrated  by  Treat  and  Oldanbarg  (53)  in  a study  of  tha 
dacomposition  of  hydregan  peroxide  vapor  in  an  electric  dis- 
charge, The  photocheoloal  dacomposition  of  tha  vapor  was  -studied 
by  Volman  (59)  and  that  of  tha  liquid  by  Hunt  and  Tauba  (60) , 
evidanca  for  raaotion  via  hydroxyl  radical  baing  presented  in 
both  studies.  The  tharmal  dacomposition  of  hydrogen  peroxide 
has  baen  studied  and  presumed  to  proceed  by  tha  same  process, 
but  tha  evidanoa  is  eithar  indiraot  or  confuaad  by  tha  coincident 
occurrence  of  heterogeneous  catalytic  dacomposition  which  nay 
procaad  by  tha  same  or  a different  mechanism.  Tor  example, 

McLana  (11)  reported  a pure  homogeneous  tharmal  dacomposition 
to  occur  in  addition  to  tha  heterogeneous  decomposition  at 
5C0°0,  and  tha  explosive  dacomposition  of  tha  vapor,  which  is 
certainly  propagated  homogeneously,  haa  baan  observed  (6l). 

There  i3  a vary  definits  onorgetio  limitation  upon  tha  extant 
of  homogeneous  tharmal  deconpo3ifc  ion,  as  indicated  in  tha  dis- 
cussion of  rates  of  raaotion.  Thu3  tha  tharmal  dacomposition 
which  occurred  in  the  experiments  of  Stona  and  Taylor (62)  con- 
concerning  photochaaical  generation  of  hydroxyl  radicals  from 
hydrogen  peroxide  was  certainly  heterogeneous.  The  absence  of 
any  pathway  to  thermal  homogeneous  decomposition  of  hydrogen 
peroxide  vapor  at  low  concentrations  and  temperatures  is  fur- 
ther illustrated  by  tbe  demonstration  of  Stone  and  Taylor  that 
oarbon  monoxide  would  not  react  with  hydrogen  peroxide  vapor  near 
1CO°0  even  though  heterogeneous  decomposition  was  simultaneously 
occurring.  However,  carbon  monoxide  reacted  avidly  when  the 
system  was  illuminated  with  actinic  light.  These  results  show 
that  no  significant  propagation  of  radicals  possibly  generatsd 
by  the  hataregsnaous  decomposition  occurs  at  lev  concentration 
and  that  thermal  activation  of  a hydroxyl  radical  mechanism 


cannot  ooour  at  100°0,  Tha  details  of  photoohsnloal  and  thsraal 
decomposition  processes,  both  homogeneous  end  heterogeneous,  axe 
discussed  in  the  nest  chapter.  Hydroxyl  radioal  nechaniaas  are 
universally  acoepted  as  playing  the  important  r01e  in  most  ouch 
processes,  and  the  above  disou33ion  indioat 33  the  extant  of  the 
experimental  and  theoretical  evidsnoe  for  this  baliaf . 

iZlS25Zl  Mechanisms.  Only  ralati7al7  zaoontl7  have 
reactions  of  hydrogen  pezosids  taan  proposed  to  occur  7 la 
hydroxyl  ion  mechanisms,  It  appears  that  2033(50)  was  the  first 
to  mention  this  possibility.  Eosa  studied  the  aoid  catalysed 
oxidation  of  thiodiglysol  and  tristhylaains  by  hydrogen  peroxide 
and  suggest  ad  that  tbs  effectiveness  of  hydrogen  peroxide  fox 
this  purpose  oaa  due  to  the  ease  with  ohioh  the  C3*  group  could 
be  donated.  The  action  through  the  radiation  of  the  HCCHg* 

Ion  oas  believed  to  be  fast  baoau3S  its  product  mas  not  m 
C3  ion,  ia7ol7iag  separation  of  charge  at  the  critical  stop 
of  the  reaction.  ?his  idem  has  also  been  borne  out  b7 
Cverberger  and  Cummins  (S3),  who  successfully  explained  in  this 
nay  the  results  of  a similar  study  of  the  formation  of  sulfox- 
ide free  2j  a1”  dlohlorobeaayl  sulfide  by  hydrogen  peroxide. 

5he  oaae  reasoning  uas  applied  by  Derbyshire  and  Eat are  0$)  to 
explain  their  oboerrationa'-of  the  hydroxylation  of  aesltylene 
by  hydrogen  peroxide.  Thsse  authors  proposed  that  this  reoh- 
anisa  night  a loo  land  to  an  understanding  of  reactions  in 
which  hydrogen  peroxide  adds  an  oxygen  at  on  by  coordination 
to  molecules  haring  atoms  with  a lone  pair  of  electrons. 

This  viewpoint  was  applied  to  inorganio  reactions  of  hydrogen 
peroxide  by  Edwards  (6^,13)  in  an  exposition  of  the  Bechanlaa 
of  reaction  by  eleotron  donor  molecules.  In  a general 
approach  (6^)  Edwards  regarded  hydrogen  peroxide  as  an  oxyanion 
source  (0,3  ) which  through  ccabinatlon  with  protons  formed 
an  electron  acoeptor,  l.i..  SOC^*,  which*has  C3+  as  it3 
anhydrous  fora.  In  a specific  study  (13)  of  hydrogen  peroxide 
reactions  with  various  halogen  ions  Eduards  correlated  a large 
body  of  rate  measurements  and  showed  than  to  be  consistent 
with  the  theories  of  general  acid  catalysis.  Edwards  (13,765) 
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also  showed  that  a high  proportion  of  the  catalysis  vras  dua  to 
solvent,  the  observed  rata  being  more  than  5O  /»  dua  to  solvent 
catalysis  at  pH  graatar  than  3 in  several  cases,  Ho  specific 
meohanism  was  championed,  but  it  uas  pointed  cut  that  tha  facta 
uax3  consistent  aith  shat  i3  here  termed  a hydromyl  ion  mechan- 


ism, This  uork  (6 5)  al30  re7eai3  that  the  kin3tic  la:?  for  a 
hydromyl  ion  mechanism  may  ba  at  the  same  tins  consistent  odth 
that  for  a mechanism  in  uhioh  no  breaking  of  tha  C-0  bond 
occurs . Saveral  instances  of  oaidation  of  hydrogen  peroxide  fall 
in  this  class,  for  omaaple,  tha  cmygan  i30tope  tracer  experi- 
ments of  Cahill  and  Tsnbe  (46)  shoved  that  tha  oxygen  derived 
from  tha  reaction  vith  hypochlorite  (one  of  Hdvard’s  examples) 


cane  completely  from  tha  hydrogen  peroxide,  eliminating  C-0  bond 
breaking  from  consideration.  Tha  operation  of  tha  hydroxyl  Ion 
radical  mschanism  in  tha  decomposition  of  hydrogen  peroxide.  in 
perchlorous  acid  solution  ras  believed  unlikely  by  Sunt  on  and 
Ll3mall7a(b6)f  although  thair  tracer  experiments  and  tha  ouy- 
poaed.  net  raaotion  uere  not  given  in  datail.  Sons  hydroxylntion 
reactions  of  hydrogen  peroxide,  oaid  to  ba  catalysed  by  certain 
saetalo,  mere  auggaatad  by  liugdan  and  Young(6?)  to  ba  of  tha 


hydroxyl  ion  mechanism,  but  oocuring  via  peroxy  acid  formation, 

,? rrhydroxyl  ? yil?  \j  '\ echnni  : 33.  Thera  appears  to  ba 
no  cortain  instance  of  a thermally  or  photochemieolly  initialed 
hydrogen  peroxide  decomposition  nhich  occurs  vi^  a perhydroxyl 
radical  mechanism,  tfhich  ia  quits  reasonable  then  the  unfa7 ar- 
able energy  requirement  relative  to  the  alternate  hydroxyl 
radical  path  is  considered.  Hunt  and  Taube  (60)  could  find  no 
justification  for  consideration  of  this  as  an  initiating 
mechanism  in  their  study  of  the  photochemical  decomposition  of 
liquid  hydrogen  peroxide,  It  i3  true  that  the  problem  of  the 
detection  of  the  perhydroxyl  xadical(c3)  ha3  only  recently 
received  attention*  on  tha  other  hand,  in  the  case  of  hydrogen 
peroxide  the  appearance  of  perhydroxyl  through  autodeccmposition 


also  involves  the  production  of  a hydrogen  atom,  a vsll-knovn 
and  kina tic ally  unique  particle  It  i3  possible  that  a per- 
hydroxyl radical  mechanism  could  ba  operative  in  the  often 


postulated  reaction 
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Parhydroxvl  Ion  Etaohanioas.  Tha  perhydxoxyl  ion  ncohaniaa 
f ox  tha  dsc  deposition  and  reaction  of  hydrogen  paroxida  haa  gained 
nozo  at  t ant  ion  than  tha  preoaeding  onaa.  Than  tha  foot  ia  known 
that  this  dissociation  readily  occurs  by  proton  transfer  to 
watsx  ox  othar  eolutas,  and  tha  ob3ax7ation  haa  been  reads  that 
hydrogen  pazoxids  daoenposas  at  on  accelerated  rata  at  high  p3, 
it  is  reasonable  to  assume  that  tha  pazhydroxyl  ion  ia  particu- 
larly react ira.  In  spita  of  thin,  the  coohanioa  underlying  the 
heightened  rate  of  decease  it  ion  ia  alkaline  solutions  ia  atill 
uncertain,  A rather  dixeot  deaonstration  of  the  occurrence  of 
a perhydxoxyl  ion  mechanism  is  the  case  of  the  surprising  means 
uhereby -sulfite  is  exidisad  to  oulfate  b7  hydrogen  peroxide  (51), 
In  the  initial  stage  of  thi3  reaction  tro  oxygen  at ©33  derived 
from  a hydrogen  peroxide  molacula  are  attached  to  the  oulfite, 
thus  forming  as  an  intarxediate  ,53x0x720x0  sulfurou3  acid. 
Subsequent  rearrangement  forms  the  sulfate,  leaving  no  doubt 
that  pazhydroxyl  ion  nbchanisa  i3  responsible.  A similar  study 
by  tracer  techniques  (-'Jo)  demonstrated  that  hypochlorite  reaot  e 
with  hydrogen  peroxide  by  this  mechanism,  as  cantioned  earlier. 
Sdrarda (£9,65)  has  treated  such  reactions  as  those  of  substitu- 
tion or  replacement  oh  ©xyanioaa,  pointing  cut  in  particular 
the'  importance  of  .tha  oquilibriun  ©f  such  substitution  in 
determining  whether  it  nay  be  possible  to  demonstrate  the 
presence  of  certain  peroxides,  o^*r, . peroxyborio  Mid  and  simi- 
lar disputed  substances,  Thus,  although  a peroxide  nay  oxiat 
in  solution,  a rapidly  established  equilibrium  via  substitution 
(hydrolysis)  with  hydrogen  peroxide  nay  reveal  only  the  presence 
of  the  latter.  It  has  been  pointad  out  (65)  that  such  a cir- 
cumstance la  likewise  important  in  affecting  the  success  of  an 
analytical  scheme  for  a mixture  of  peroxides,  such  as  discussed 
In  Chapter  10.  Sany  substituted  peroxides  do  not  aot  as  reduc- 
ing agents,  whioh  permits  determination  of  hydrogen  peroxide 
in  their  presence , If  the  substitution  or  hydrolysis  equilibrium 


la  rapid,  hone  vex,  advantage  cannot  be  taken  of  such  a difference, 
Since  such  processes  are  readily  imagined  to  entail  the 


formation  of  Intermediate  hydrops rex id 2 3 3 thus 
oldar  idsa  of  unstable  oaroxida  intermediates. 

• i 
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of  Davies,  Footer,  and  fthita  (70)  ia  of  intoreot.  Alcohols, 
carboxylic  eaters,  2-butyl  sodium  sulfate,  ox  olefina  were 
reaotad  with  90  wt,%  hydrogen  peroxide  to  fora  alkyl  hydropar- 
oxidas  and  thase  authors  found  support  fox  the  asaunptioa  that 
tha  xeaotiona  occuxxad  via  a parhydxoxyl  ion  meohaniao  involv- 
ing carbonium  ions.  It  was  pointed  out  in  particular  ho*  the 
highly  polar  naturs  of  concant rated  hydrogen  paroxida  should 
favor  raaction3  involving  the  appearance  of  charges,  Tha  forma- 
tion of  peroxy  acids  from  oxygen  isotope-labelled  carboxylic  acids 
at  least  for  the  case  of  peroxyacetio  acid,  uaa  shorn  by  Bunion, 
Laris,  and  Llaaellya  (71)  to  go  forward  by  diroot  replacement 
of  the  hydroxyl  group  by  tha  parhydroxyl  group.  Bunion  (72)  had 
earlisr  published  evidanoa  that  tha  oxidation  of  ordiiatonas 
by  hydrogen  peroxids  oocurrod  through  action  of  parhydroxyl  ion. 
The  reaction  of  hydrogen  paroxida  with  banxanaboronio  acid  appears 
to  provide  (7 3)  £»  instance  of  direct  addition  of  parhydroxyl  ion. 
A last  example  of  parhydroxyl  ion  mechanisms  is  tha  conversion 
of  bansonitrils  to  ben2amida  by  hydrogen  peroxide,  which  as  a 
net  process  involves  tha  transfer  of  one  oxygen  atom  to  tha 
substrate  in  a manner  requiring  tha  action  of  too  molecules  of 
hydrogen  peroxide.  Thia  was  mads  the  subject  of  a veil-planned  - 
study  by  3iberg  (7-+) , who  suggested  that  a hydroperoxide  is 
first  formed,  then  decomposed  at  the  attack  of  the  second  mole- 
cule of  hydrogen  paroxida.  As  outlined  by  Uiberg  tha  first 
reaction  appears  to  involve  the  already-formed  parhydroxyl  ion, 
and  the  second  step  could  be  said  to  take  place  by  inductive 
dissociation  of -a  second  hydrogen  peroxide  molecula. 

Reaction  Mechanisms  of  Other  Peroxides 

Although  it  is  not  the  purpose  of  this  monograph  to  treat 
peroxides  other  than  hydrogen  peroxide  with  any  degree  of  com- 
pleteness, a study  of  other  peroxides  can  lead  to  increased 
understanding  of  the  nature  of  the  parent  compound.  Tha  facts 
available  are  limited  largely  to  organic  peroxides?  inorganic 
peroxides  and  parexy  acids,  with  the  possible  exception  of 
p 3 rox7di sulfuric  acid,  have  unf ortunately  received  practically 
no  study  that  ia  of  immediate  value  in  studying  reaction 
mechanisms.  The  characteristics  of  organic  peroxide  reaction 
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raaaris  baler  ara  intondad  to  ahoy  hoy  the  bonding  bataaen  tha 
orygan  atoaa  in  the  paxorida  group  i3  affaotad  b7  substitution 
and  to  dcaenstxata  hoy  reaction  ncohaniaas  sinilax  to  those  just 
outlined  fox  hydrogen  paxasids  ara  also  ia  operation  fox  other 
peroxides, 

?h3  importance  of  both  of  thsas  topics  is  implied  in  tbs 
classification  presented  by  Tobolsk  and  ISaarobian  (rof,4$,  p,107). 
Theca  authors  suggested  tha  following  to  ba  tha  predominant 
characteristics  of  tbs  reaction  of  ssao  types  of  organic  per- 
onidaa!  aibyl  hydroparssilea,  dialhyl  pa xoaidas,  and  diocyl  p ax- 
onidoi  decoapea#  by  hraclytic  dissociation,  acyl  hydroperoxides 
(psrosy  colds)  dacoaposs  haterolytioally,  and  tba  aliyl-seyl  pax- 
oxides  (perosy  o stars)  include  onaaplaa  reacting  by  both  ionlo 
and  radical  saohaaicaa,  This  appears  to  ba  a good  chamoterisar 
tion,  but  should  be  applied  xith  care  in  nee  and  unfamiliar 
easea,  Tba  factors  snob  as  solvent,  concentration,  and  tempera- 
ture influencing  tba  cccurreaoe  of  ona  mechanic*  ox  anotbax  have 
baaa  reviewed  by  2ioffl3x{73)  and  2artlett(76)#  An  ©xaajle  of  boa 
these  factors  operate  to  change  tba  caobaniaa  of  decomposition 
has  bean  provided  by  !»efflsr(77) , uho  shored  that  tba  caobanisa 
of  decomposition  of  Tjrset  hony-^  -nit  too  a ns  ©yl  peroxide  could  be 
changed  from  'free.  xadio.il'  to  ionic  according  to  environmental 
conditions  ia  spits  of -tba  fact  that  tbs  symmetrical  parent  com-  '•' 
pound,  banaoyl  peroxide,.  daconpoaea  via  free  radicals  under  a 
aids  range  of  oircuaataaoaa,  otcu  those  favoring  ionic  dissooia-- 
tioa* 

An  outstanding  difference  observed  batxeen  tba  react  ions 
of  hydrogen  peroxide  end  organic  peroxide  a ia  tba  naxhedly  lexer 
energy  required  for  dip.acoihtion  of  organic  .peroxides  into  free  ... 
radicals  by  breaking  at  tba,  0-0  bond,  Zt  xaa  recounted  above 
box  thi3  energy  requirement  seriously  limit a tba  opportunity  for 
hydrogen  peroxide  to  dscaapoaa  b7  a boaoganaoua,  thermally 
activated  fxaa  radical  mechanism,  necessitating  intervention  by 

oatalysta  or  tba  introduction  of  energy  elaotrioally  or  photo- 

«•*  . m 

chemically  if  free  radical  decomposition  i3  to  occur,  Among 
many  organic  peroxides  ao  far  studied  this  energy  requirement  is 
aoae  20  hcal^nola  laaa  than  that  needed  for  hydrogen  peroxide, 
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and  aa  a consequence  tharaally  initiated  free  radical  nschanicaa 
are  favored.  Otherwise  It  ia  procured  that  decomposition  would 
not  be  oboervad  in  many  of  the  non-polar  advents  used.  This  dif- 
ference ia  illustrated  atriiingly  by  aa  observation  nade  by 
Brom  (73),  In  studying  tha  honoganaoua  froe  radical  decomposi- 
tion of  bensoyl  pexonide  the  rata  xna  not  of footed  by  increasing 
tha  amount  of  platinum  surface  oapoaed  to  the  oyataa  ia  contrast 
to  tha  narhod  off 3 ot  of  platinum  on  hydrogen  peroaide. 

Aaerg  organic  peroaido  decompositions  proceeding  via  fro© 
radical  mechanisms  occurring  b7  breaking  at  the  0-0  bend  too  of 
tha  most  extensively  studied  hare  bean  thee#  of  di-tspt-batyl 
peroxide  and  bensoyl  peroxide,  Tha  di-^art-bntyl  peroxide  de- 
composes quits  homogeneously , tha  products  varying  according  to 
concentration  and  on7ironr:aat » recent  rrriejrj  (-H))  have  cnxnarised 
tha 9 a rosulta,  Seaxoyl  peroxide  behaves  similarly*  studios  of 
it  of  particular  inters  at  hare  aro  those  of  the  offset  ©i  aub- 
atitutioa  on  tha  rata  of  Its  decomposition,  Ssain,  Itochmayer, 
and  Clarha  (70)  found  that  tha  syssetrioci  crabatitutioa  of 


oloetron  repelling  groups  on  baaaoyl  peroxide  increased  tha 
rats  of  dac opposition  nhile  electron  attracting  groups  decreased 
tha  ratsj  thi3  relationship  csuld  ha  rap  res  anted  by  a plot  of 
SanaoWm  sigma  function  (39) » ?e  oxplaia  this  behavior  it  roe 
pointed  out  that  ia  bsnuoyl  par-oxide  -the  t~o  sxyh  estate  groups 
©an  he  considered  to  be  dlpolaa  attoohed  ia  repulsion  (tha 
negative  onda  b-airg  together  at  tha  peroxide  liuh),  and  that  the 
addition  of  electron  repelling  groups  uould  ha  expected  to 
enhance  this  relation,  pze euaod  already  to  ha  unstable,  account- 
ing for  tha  rise  in  decomposition' rate,  ?ha  facta  presented 
have  been  yarified  by  othoro  (31,32,33),  and  cash  factors  a3 
effect  of  advent  (3l),  7alidit7  of  tha  nahnatt  relation  for 
this  caa*  (32,33),  and  possible  ©ffocta  of  position  of  substi- 
tution (32,23)  have  been  studied  in  addition,  She  interesting 
feature  of  this  i3  that  tha  affect  of  substitution  rune  counter 
to  the  proposal  cited  before,  X«<\  that  negative  charge  trans- 
fer to  the  peroxide  group  tends  to  stabilise  it.  It  nay  ho 


in  this  case  tha  naxihun  in  the  benefit  of  this  charge 


.ranafer  pr cc 3 3 3 has  been  paaeed,  but  thie  cannot  yet  ba  verified* 


i 

I 
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An  intaxaating  suggestion  la  that  of  Goopar  (£^3)  f who  pointad  out 
that  in  Qi oh  a diaoyl  paxoxids  thaxa  aay  ssiat  oquiralsaca  of 
02739a  atoaa  suoh  as  haa  boen  dosonstratod  for  tho  analogous  oul- 
fur  coapcund  tetranathyl  thiuraa  diculfids  (34),  This  oquirslsaca 
night  ha  oapsctsd  to  altar  tbs  stability  relationships  of  ths 
pares ids  group,  Furthar  study  nill  ha  nsoossary  to  establish  each 
aa  af foot,  especially  la  riser  of  tha  daaoast ration  h7  Blsnquist 
and  Barataia  (33)  that  aiailar  of  foots  of  oubstitnsats  ara  to  ha 
found  uith  tart-butyl  >02027  bsnsoata,  aa  asyraetrioal,  couoaoyl 
compound  haring  tha  radical  fission  tsndonoy  of  both  parent  0 ex- 
pounds, 

Ioaio  reaction  Eschaaisas  for  organic  pa reside 3 analogous 
to  tha  bydrosyl  isa  path  for  hydrugan  psrosids  appsar  to  ha 
rail  established.  Sharaseh  and  Burt  (3o) , for  onaapls,  proposed 
that  ia  tha  generalised  equation  fsr  tha  co-oallsd  as  id  olsaraga 
of  uasyaaotrioal  dialhyl  poronidaa  tha  oarbiaol  is  al^^T3  fsssad 
fro*  tho  rudioal , B,  of  groataat  olsotroa  attracting  pouar,* 

Tha  interesting  conclusion  ana  also  zoaehod  that  tha  snscoptibil- 
ity  of  hydreparosidas  to  such  sold  olsarags  parallslod  tha  facility 
uith  rhich  auoh  bydrsparosiaos  aay  ha  foraad  by  autoaidatioa  of 
tha  corresponding  hjdrsoarhosa,  Aaoag  hydroperosidos  undergoing 
said  olamgs,  ioaio  dissociation  at  tha  OH?  bond,  sad 

ohiah  hare  reeaiTsd  o.^siisxnbls  study,  ara  cuueaa  hytoepsrosids, 
p-aroayaostia  sail,  and  dbcslla  and  tstralia  hydrops  roaidns,  Tha 
study  (3?)  of  dooalin  and  tatralin  hydroparosidoa  has  shorn  hoar 
tha  naohaaisa  of  doc exposition  of  thaas  paronidaa  nay  ha  changed 
frea  a fra*  radical  ora  to  ono  ia  which  both  henelytio  and  hatar.O- 
lytio  processes  occur  by  changing  chiafl7  the  polarity  of  tha 
eolrsat,  A siailar  relation  holds  for  cunaaa  hydrops  reside’,' 

At  ICG®  in  a aoa-pblar  solution  a free  radical  dissociation 
occurs  (23),  At  reen  toapsratura  ia  aqueous  solution  an  ioaio  reac- 
tion uith  feixeua  iron  readily  scours  (33,  9*,  9A).  3sso  intar- 


c sting  f sots  hare  been  brought  cut  by  study  of  this  rsaoticnV 


la  going  froa  tha  radical  uachanisa  to  the  ioaio  nachanira  inr 
70l7ing  fsrrous  ion  tha  frequency  factor  uaa  reduced  free  shout 
1C?“  to  10^  and  the  aotiratioa  energy  lore  rod  frea  30  to 


11  hcul/uols  {30)  , These  figures  a ay  be  compared  nith  similar 
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onaa  for  hydrogen  psroxids;  the  activation  energy  for  a radical 
daooapositloa  of  hydrogen  paroxida  is,  as  notod  before,  unattain- 
able, whereas  the  frequency  footer  and  aotivation  energy  for  ths 
far roua  ion  reaction  of  hydrogen  peroxids  ara  approx inately  ths 
east  as  that  for  cuaans  h7dropsroxida  aa  shown  in  Fig,  3,  Thus 
by  tbs  fro  a radical  path  ths  rates  ara  of  completely  different 
ordara  of  magnitude^  b7  ths  aaaiar  ionic  path  tha  hydrogen  par- 
cxids  deocapoees  about  four  tints  faster  thaa  cunsns  hydroperoxide, 

Xt  sight  be  concluded  on  this  basis  that  substitution  of  ths 
cuayl  group  aaiss  ths  0-0  bond  loss  stable  with  respect  to  tha 
fra  a radical  ntchanica  and  sera  a tools  with  respect  to  ths  ionic 
caohanioa,  Study  of  ths  affect  of  further  substitution  oath# 
cnnyl group  (1^,92)  indicates  that  addition  of  groups  of  increas- 
ing electron  donating  power  increases  ths  rats  of  reaction  of  the 
cunena  hydxeparexids , Thsea  facts  appear  to  be  in  opposition  to. 
the  postulate  santloatd  abovs  regarding  ths  off  act  of  charge 
transfer  to  tha  0-0  group  on.  its  stability,  but  it  is  difficult 
to  sort  out  the  varying  contributions  to  tha  different  processes 
of  enargy  tranafor,  activation,  and  orientation  involved,  A 
scaaehat  sore  readily  understood  hydroxyl  ion  caehaniaa  osesa  to 
co cur  in  tha  reaction  of  paroxy  acids  to  fern  epoxides  with 
olefin  a,  Seen  (93)  ohowad  how  in  tha  casa  of  parexyacatic  aoil 
tha  addition  ©f  electrca-dcnatirg  oubsti taints  to  the  ©lifins 
enhanced  tha  rats  of  attach  '07  tha  electron  attracting  51x0x7 
aoidj  and  Uatsre  (j&)  has  given  an  excellent  diecu3sien  of  the 
probable  couraa  of  this  reaction.  In  addition  to  this  interpre- 
tation Bartlett  (?$)  has  suggested  an  aLtsrnata  naohaniea  which 
is  less  easily  cataloged  according  to  ths  classifications  of 
hydroxyl  or  parhydroxyl  ion  naohaniea, 

Tha  aoid  dissociation  of  sons  alh7l  and  acyl  hydroperoxides 
was  studied  by  Svaratt  and  Hlnhoff  (95)j  this  is  of  oourea  tha 
proem  analogous  to  tha  parhydroxyl  ion  nachaniesi  in  hydregan 
peroxide,  Tha  results  of  thi3  study  provide  a quantitative  measure 
of  tha  aoid  strength  of  the  paroxy  aoidsj  these  are  clearly  naaher  acith 
than  tha  parent  carboxylic  aoid3  yet  much  stronger  than  tha  cor- 
responding nsa-ac7l  hydroperoxides,  Tha  comparable  change  in  acid 
strength  in  going  from  an  alcohol  to  a carboxylic  acid  is  of 
course  notable.  These  roiat ionshipa  vers  explained  by  pointing 
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out  that  the  effects  of  substitution  on  the  ease  with  which  ths 
C2  bond  in  broien  mat  be  transmitted  through  tha  0-0  link  In  tha 
hydxcpt reside a and  perixxy  aoida,  la  tha  alhyl  hydroperoxides 
aubatituticn  of  aa  aliyl  group  fox  caa  hydrcgea  ia  hydrogen  par- 
eaide  0TO333  a charge  shift  toward  tha  0273-33,  but  tha  a7idly 
elect roaegat  ire  0-0  group  retains  this  oharge  transfer,  tha  tar- 
niaal  hydrogaa  being  little  affected.  Ia  tha  analogous  uat er- 
aloohol  cane  thi3  charge  transfer  ia  of  course  seen  ia  tha  result- 
ing ouch  stronger  binding  of  tha  hydrogen  ica  to  tha  alcohol, 
la  tha  aeyl  hydroparonidaa  or  porssy  an  Ida  tha  substitution  of  tha 
acyl  group  ia  thought  to  drar  charge  aray  frost  tha  00  group, 

?hia  results  ia  tha  hydrogen  ion  being  laaa  strongly  hold,  but  tha 
affect  la  act  aa  narked  aa  ia  passing  fro*  rater  to  carbonylia 
said*  shieh  lasos  tha  hydrogen  tea  ruch  rare  rasdily,  Tha so  result  a 
appear  to  be  ia  agraaaaat  nith  tha  postulated  otrasgthaaing  of 
tha  pe reside  linh  by  charge  transfer  to  it.  A aiailar  oitnatiaa 
appears  to  ocour  ia  the  base  catalysed  decomposition  of  tertiary 
hydroparoaidae  oitsd  by  Tobol ch7  and  Haarobiaa  (40)  ,'  This  a> 
atano*  is  thought  to  fora  tha  salt  at  lor  and  high  oodiua  hydros- 
Ida  eoao  oat  rat  loan,  Aa  iat  3 mediate  optima  concentration  peraita 
ionisation  and  subsequent  rapid  decomposition  b7  aa  indue sd 
attach  of  the  hydropexoaide, 

This  brisf  rt^isr  of  other  peroaide  reaction  nechaaime  aay 
be  concluded  by  providing  acne  hef arenas 3 to  'She  behavior  of 
peroaydirulfario ' acid,  25  osens  that  ia  cornea  uith  organic  per-  . 
©aides,  this  substance  can  dac^npose  honolytioally  aa  nail  aa 
hat analytically,  ISorgca  (36)1  daaonatrated  the  initiation  of  poly- 
aerinatica  ty  pereaydiaulfate,  Solthoff  and  Hiller  (9?)  suggested 
that  the  uncat  sly  sod  deooapoaitioa  involved  formation  of  tun 
sulfate  radio  ale,  t&areaa  aa  acid  catalysed  decomposition  uas 
aloe  possible  and  proceeded  via  sulfur  tetroaide  fematioa  but  it 
has  been  shorn  (3  3)  that  the  latter  mechanism  cannot  involve 
equilibrium  between  sulfate  and  peroxyculfate  lone,  A related 
and  industrially  inport  ant  react  ica,  tha  hydrolysis  of  psroay- 
aoac  sulfur  is  aoidj  appease  to  occur  (So)  by  transfer  of  the 
perhydruayl  ion. 


^5 

ISOTOPE  EXCHANGE  IN  HYDROGEN 
PEROXIDE  REACTIONS 


The  evidence  regarding  reaction  raeohanisaa  which  ia  of farad 
by  studies  of  the  fata  of  the  peroxide  oxygen  in  hydrogen  per- 
oxide roaotiona  haa  a value  all  cut  of  proportion  to  tha  small 
nuabar  of  ouch  studies,  justifying  dioou39ion  of  them  separately. 
Tracar  experiments  have  aloo  fcaan  made  to  determine  tha  oouro* 
of  atcaa  of  oubatrata  molecules  in  hydrogen  peroxide  reactions, 
tut  tha  result a of  these  are  1333  general  and  mill  be  cited  in 
tha  dioouaaion  of  tha  reactions  of  tha  various  elements, 

Tracar  experiments  with  tha  hydrogen  of  hydrogen  psroxid* 
would  also  be  of  valua,  tut,  33  might  be  oxpooted,  tha  hydrogen 
of  hydrogen  peroxide  exchanges  apentaneoualy  and  qnichly  mith 
that  of  rater,  This  ua3  established  ty  Hrlermeyor  and  G'irtnax  0$)t 
mho  measured  tha  deuterium  content  of  thre*  cuts  from  tha  distil-.  - 
latioa  of  a mixture  of  2^3,0  containing  about  dif- 

ference in  deuterium  coat ant  of  tha  three  cuts  uaa  evident  If  allea- 
anca  uaa  mad*  for  tha  effeot  of  diat illation  itself  in  concentra- 
ting tha  sample*  in  deuterium  content,  Hydrogen  may  to  traosd  if 
reaction  with  aona  sutatanca  which  doe 3 not  exchange  with  rater  or 
hydrogen  peroxide  ia  und3r  consideration.  Such  cm  experiment  was 
carried  out  Taj  NArtn  and  Honhorffer  (100)  to  chon  that  the  moleou- 
lar'  hydrogen  resulting  ffoa  the  reaction  of  formaldehyde  and  hy- 
drogen peroxide  in  alhaliae  solution  ia  derived  solely  from  the 
formaldehyde,  The  use  of  heavy  water  in  studies  of  solvent 
affects  ia  disouaaad  below,1 

i 

Studies  of  hydrogen  peroxide  reaotioaa  which  have  been  made 
with  oxygen  iaotopaa  are  summarised  in  Table  2V  Several  conolu- 
3ioo3  are  immediately  dear  from  the  result 3 presented,1  Th*  thro* 
experiments  with  formation  reactions  (103,  103,  111)  oho*  that 
molecular  oxygen  maintains  it  a integrity  on  being  reduced  to 
hydrogen  peroxide*  no  oxygen  derived  from  water  or  catalyst  ia 
incorporated  Into  the  hydrogen  peroxide  formed.  In  similar  fashion 


the  balance 

of  t 

in  solvent  ' 

Taber 

of  hydrogen 

n 2 x 0 

he  experiments  provide  evidence  that  the  oxygen 
does  not  participate  in  decomposition  or  reaction 
xide«  no  exchange  occur e between  water  and  the 
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oolaoular  oxygen  or  oxygenated  products  forned.  Also  of  inport- 
0303  ora  observations  of  isotopa  fraotionation,  that  la,  changes 
la  the  proportions  of  two  isotopes  oa  going  froa  reactant  to 
product.  This  is  dsfinsd  natheaatically  la  slightly  different 
fashions  b7  different  authors.  Thar  a ara  too  ways  ia  which 
fractionation  can  occur  in  hydrogen  psiexida.  Os*  ia  solely  a 
rata  phenomenon  la  which  tha  isotope  ratio  ia  a product  differs 
according  to  tha  distance  froa  ccaroletenees  of  raaotioa'.  Thus,. 
Eoatoa  and  Llewellyn  (So)  f ouad  (T^  sera  abundant  ia  tha  first 
osa  percent  of  gas  evolved  ia  a daccapoaitioa  than  ia  tha  last, 
although  thara  waa  no  not  change  la  isotope  ratio  oa  going  froa 
reactant  to  product.  Since  tha  0-0  head  apparently  doaa  not  braai 
when  noleoulax  oxygen  ia  produced,  thi3  is  interpreted  to  signify 
that  tha  not  process  of  abstracting  too  hydrogen  atone  ia  sore 
easily  accoapillshed  with  o15  than  with  O13.  Tha  oaooud  hind  of 
fractionation  that  can  occur  ia  nada  possible  by  the  formation  of 
acre  than  one  product,  nolaoular  oxygen  aad  crater.  Zt  was 

found  by  Cole,  Sudd,  !2achow,  aad  Coate  (10?)  that  an  eariohasat 
of  about  2%  of  CT^  occurred  ia  tha  oxygen  gas  obtained  oa  omr 
plate  daccapositien  with  certain  inorganic  oatalysts,  whereas 
Catalans  gave  no  ouch  enrichment,  Similar  studio 3,  which  included 
certain  reducing  agents,  ?;era  made  by  Cahill  and  Taube  {‘J-c) Shs 
conclusion  persisted  sains  to  be  that  in  oxidation  to  colaculax 
oxygen  tha  0-0  bond  ia  not  broiea  aad  no  fraotionation  occurs'.1 
Shan  hydrogen  pexoxida  is  reduead,  however,  tha  bond  is  covered 
and  fractionation  nay  occur.  Tha  various  sources  listed  In 
Table  2 give  considerable  diaouaaica  of  the  implications  of 
these  experiments  ia  regard  to  ceohanisa,  ease  of  uhioh  were 
drawn  upon  in  the  treatment  above.  Approaches  have  also  been 
aada  to  the  explanation  of  obeezvatiens  of  fraotionation  in  tarns 
of  absolute  reaction  rata  theory*  A review  by  Dole  (ll4)  dis- 
cusses this  and  relates  traoar  experiments  oa  hydrogen  peroxide 
with  such  studies  oa  other  oxygen  compounds. 

It  ia  of  Interest  to  compare  sad  contrast  these  remits  with 
similar  ones  for  peroxyoulfate  and  hydrazine,,  As  the  last  few 
entriae  in  Table  2 show,  exchange  of  labelled  oxygen  can  occur 
between  solvent  water  and  some  of  the  oxygen  in  perc-xysulfate  or 
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the  aolacuiar  03733a  resulting  froa  ita  dooonpoaition.  At  tha  ease  tine 
□avoral  studisa  shoe  that  sulfate  doaa  not  exchange  uith  pexoxysulfate, 
and  it  in  therefore  concluded  that  tha  mrnt--*e  037,33a  in  parcnysul- 
fata  doaa  not  exchange  uith  uatsx,  Juat  a3  is  tha  case  uith  hy&xagea 
poxozida.  In  tha  tharral  dscoapcaitioa  in  solution,  hoxarex,  oxygen 
daxiredl  froa  uatax  doea  appear  in  tha  molaoulnr  03730a  produced,  a 
xoiult  distinctly  diffsxsat  than  that  obtained  with  hydrogen  pazozi&e, 
nnpaxiueats  uith  hydxasina  (113)  haxe  dsnonatxatsd  that,  aa  uith  hy- 
drogen pexoxi&j,  alternate  paths  fax  it 3 roast ion  oxist  uhich  inyolTS 
oithex  brushing  ox  pxoaaxration  of  tha  3-3  bordj  -uhsa  ublaculax  nitxo- 
30a  is  produced  it  appears  that  20  3-3  bond  breaking  occurs*  It  uould 
bt  of  intoxo.it  to  fct  ablo  to  intend  tha  comparison  to  persulfides, 

•fox  nhich  sinilax  aaehaninna  bays  boon  snggsatad  (11$)  # 


H7T3C033  P3203ir2  30X.OT2C33  A3  A TOlQflCl  33DZI3 
The  dissuasion  of  roast ion  uachaaisua  hxa  onphasixsd  tha  inpsrt- 
anse  of  tha  intaxuatioa  of  hydxrgoa  peroxide  nith  tha  oolxont  and  uith 
other  oslutea  aa  nail  as  uith  tha  xoaatanto.  In  thi3  aactica  atten- 
tion nay  be  dxaen  is  ossa  of  tha  chaxaoioxietioa  of  hydxsgun  perox- 
ide solutions  nhioh  affoot  reactions  .in  than,  Tha  physical  nature  of 
hydrogen  peroxide  solutions  ia  diasassed  in  Chapter  6,.  Stadias  refor- 
med to  there  oaphaaiaa  tha  high  disloctxic  constant  of  hydrogen  per- 
oxide and  it  1 3inilArity  to  -site?*  Siffir  eases  do  exist,  but  are 
fox  tha  neat  part  not  yat  rsll-explain ad • ?ox  oxxaple,  Ibanberger  cud 
3na abaca  (II?)  pointed  out  oeae  tins  ago  that  water  and  hydrogen 
peroxide  both  dissolve  no  at  readily  ih©3-e  organic  substances  uhich 
axe  xioh  in  hydroxyl  groups,  bat  that  nith  increasing  molecular 
wight  of  solute  only  ners  concentrated  hydxsgaa  peroxide  uill  fase- 
t ion  aa  a oolxant.  Anong  insxganio  solute 3 there  axe  found  substances 
both  acre  and  laaa  soluble  than  in  rater,  The  conductance  a of  salt  a 
ia  hydrogen  peroxide  solutions,  oa  the  other  hand,  axe  much  the  ease 
aa  ia  rater,  uhareaa,  -naids  axe  found  laaa  conducting  (113),  indicat- 
ing decreased  nobility  of  the  hydrogen  ion  in  hydrogen  peroxide • B»f- 
exenaea  to  studies  of  such  physical  pxopextiea  aa  solubility  cad  con- 
ductance are  tabulated  in  Chapter  5,  ?ox  the  uoet  part  these  oonaidr 
erationa  hare  receixed  little  attention  in  studies  of  the  reactions 
of  hydrogen  paxczide»  7ox  eznnple,  although  report 3 hare  bean  giTen  (220) 
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of  tha  effect  of  salts  on  heterogeneous  oatalytio  decomposition,  it 
appears  that  in  only  one  instance  (120)  has  a study  been  made  of  the 
priaary  salt  effect  in  a oase  of  aoid-baae  catalysis.  8iailarl7, 
the  activity  of  hydrogen  peroxide  in  its  solutions  has  oaldoa  been 
considered.  Data  available  in  Chapter  5 afford  an  opportunity  to 
oaloulate  the  solute  activity  of  hydrogen  peroxide  in  acueoue  solu- 
tions, This  is  defined  (121)  for  aole  fraction  units  by  tha  equation 
&.  a % fej/pg  )|  chare  the  starred  quantity  is  the  Uniting  value 
at  infinite  dilution*  Values  in  both  sole  fraction  and  solar  units 
calculated  in  this  manner  have  been  tabulated  in  Table  3*  The 
activity  of  1,5-aolar  hydrogen  peroxide  in  oalt  solutions  uae  measured 
by  Livingston  (122)* 

Ao.ld.  fTVeertlea  of  H-ydrogoa  Per^ttidt 

Hydrogen  peroxide  13  a weak  acid,  that  is  to  oay,  the  thermally 
activated  transfer  of  a proton  free  a hydrogen  peroxide  molecule  to 
a eater  molecule  occurs  to  a snail  degrees 

HgO.,  j HgO  - HjO*  f O^T  (39) 

Early  workers  with  hydrogen  peroxide  recognised  that  it  is  easily 
aoidis  (123),  but  the  dissociation  constant  eras  not  measured  until 
1912  by  Joyner  (124).  Joyner  S3?l3yed  classical  methods,  determining 
the  hydrolysis  of  eodiua  hydroperoxide  by  observation  of  aster  saponi- 
fication, measurement  of  distribution  c oaf fio lent,  and  measurement  of 
conductivity.  By  these  aetheds  he  obtained  the  average  value  ? x lO-*3^ 
for  the  aoid  dissociation  constant  of  hydrogen  peroxide  at  090,  Direct 
theraccheaical  measurement  yielded  tha  value  3,6  koal/nole  for  the  heat 
of  dissociation  allowing  the  oaloulation  of  the  value  I » 2,4  s 10 
at  25°C,  Essential  agreement  with  this  value  was  obtained  by  Zaxgin  (125) 
in  aeasureaents  with  a glass  electrode  on  0,1  and  0,3  molar  distilled 
hydrogen  peroxide,  which  led  to  the  value  Z * 1.55  2 10*"3,2  at  20°, 

The  determination  of  the  dissociation  constant  of  hydrogen 
peroxide  haa  reoantly  bean  repeated  by  3vans  and  Uri  (126)  with  due 
regard  for  the  effect  of  ionio  strength,  da  a result  of  aeasureaents 
with  a glass  electrode  on  hydrogen  peroxide  solutions  up  to  2 molar 
in  concentration  the  dissociation  constant  for  20°C,  at  aero  ionic 
strength  vaa  found  to  be  1,73  2 10  thus  pi  = 11, 75,  The 
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msasursmanta  ware  aloo  eatcndod  to  othsx  toraporaturaa  with  the 
following  xsaults,  at  15%  Z =*  I.39  2 l<f12  5 2c5,l.?3  2 

^ *?.2^  2 10  30? , 3.55  ^ 10“^^.  Jxora  these  data 

tha  hsat  of  dissociation  nay  bo  oalculatad  to  bs  S,2  steal /sols, 

”^33a  rsoo^zandsd  results  axs  further  established  b7  the  caaanra* 
conta  of  37ar3tt  and  Ilinhoff  (95)  1 conparsd  tho  dissociation 
constant  of  hydrogen  peroride  with  those  of  various  aryl  and 
acyl  hydroperoridss. 

The  conclusion  i3  al30  reached  that  the  glass  electrode  is 
entirely  adequate  for  tho  neasurenent  of  pH  in  hydrogen  par or ids 
solutions.  7or  osaspls,  Heiohert  and  Hull  (127)  ccnpared  the  glass 
©lsotrode  and  a nuabex  of  colorimetric  indicators  as  methods  of 
dataraining  pH  up  to  0 oncost  rat  ions  of  30  ut.  and  found  relatively 
good  agreement.  In  this  course  and  in  others  (123)  (129)  are  31733 
typical  pH  - sene  tint  rat  ion  curves  for  the  titration  of  hydrogea 
p-sxsxida  containing  acid  or  base.  Hynna-Jonas  (190)  has  also 
doaonat rated  the  adequacy  of  the  glass  electrode  in  hydrogen  peroxide 
at  ovan  higher  concentrations  and  has  investigated  the  use  of 
metaail  yellea  as  an  indioat  ox,  Aotual  values  of  -pH  obtains  d ©rex 
ths  entire  concentration  range  axs  choun  in  ?ig.  6 of  Chapter  9, 

Thia  xepxs sentatioa  also  illustrates  the  effect  of  carbon  dioxide 
on  the  pH  ©f  hydrogen  peroxide  solutions,  which,  for  sxcople, 
causes  the  curve  to  fail  to  extrapolate  to  pH  7 at  aero  conoontxar 
tion,  ghs  presence  ©f  carbon  dioxide  nay  furt horrors  maze  i'j 
impose  ibis  to  duplicate  a pH  titration  curve  by  calculation,  aVr?. 
the  results  of  He i chart  and  Hull  (127)  by  the  natheds  outlined 
by  2erl  (129).  Ca  ths  othax  hand,  it  is  oaldoa  desirable  to 
atteapt  calculation  of  pH  according  to  tha  conplioatad  equilibria 
in  nixed  aoid  solutions)  evan  though  the  presence  of  oarbon 
dioxide  at  ordinary  atnoaphsrio  conditions  nay  cake  a change  of 
several  tenth*  of  a pH  unit  in  the  pH  of  hydrogen  peroxide  eola- 
tion the  precision  of  the  usual  neasurenenta  is  seldoa  bettor 
thaniO.l  unit,  2uf?sx  systeaa  have  occasionally  been  used  in 
ozpexinantal  vor±  with  hydrogen  peroxide,  and  their  advantages 
nay  well  be  tahan  into  oonsidsraticn,  3oae  question  nay  arise 
in  regard  to  the  compatibility  or  resistance  to  degradation  of 
buffers  in  such  a react  Its  system,  but  no  systematic  study  on 
which  to  base  rscon-sndations  in  this  rsgaxd  ssaus  to  be  available. 
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Tba  curves  in  Fig,  6 of  Chapter  9 also  illustrate  the  ouper-* 

acid  qualiti33  of  hydrogen  paxoxida  at  high  concentration.  21  i3  oxi- 
dant that  tha  hydrogen  ion  activity  baoonaa  73x7  high  as  tha  solution 
approaohoa  tha  anhydrous  ataha.  ISvana  and  Uxi  ha73  cozrcoatad  oa  thla, 
suggesting  that  tha  equilibrium  fox: 

HjQ*  f n20  =1  H202  * 2^0  00) 


suat  lie  trail  to  tha  right?  thay  astimatad  tha  oquilibriua  constant 
to  ha  about  10  • liitohell,  2ach,  cad  Uynna-Jonari  (I3I)  have  similarly 
ahoun  hon  hydrogen  peroxide  ia  such  la 33  baaic  than  tfatax, 

^viotlr^  nnnaral  P,cl7anti 

.la  understanding  of  tha  nature  of  tha  offset 3 of  0dl7atita  and 
other  interactions  ia  solution  can  be  of  cenaidarabla  aid  ia  datosaiar 
lag  tha  cechaniaa  of  reaction*  A number  of  studies  shearing  tha  of  facts 
of  variation  ia  nature  of  advent  have  been  reported,  bat  only  ia  a 
fax  of  tha  mere  recant  have  these  been  interpreted  satisfactorily1.' 

paxhapa  tha  leant  drastic  change  in  acl7ent  is  afforded  £7  oahr 
atitntisn  of  part  ox  all  of  tha  advent  uatcr  b7  heavy  sat  ax,  although 
this  preoadure  doaa  carry  tha  drasbaeb  of  introducing  a change  aixalrr 
tantoualy  in  both  advent  and  3 elute  because  hydrogen  exchange  secure 
rapidly.  "Such  atudiea  haw  oh  on  that  heterogeneous  deooapoiitien  by 
pi  at  ±20  (132) (133),  31x33,  and  gold  (13-I)  is  oleued  by  tha . presence 
of  heavy  outer.  Tuo  report 3 (133)  (13'S)  an3art  that  the  hraegeueona 
decomposition  by  iodide  in  al30  closed,  uhexpaa  ia  a third  study  (I33) 
it  m3  found  eitheut  influence.  Tha  r eduction  of  permanganate  by 
hydrogen  peroxide  uaa  found  considerably  alcuar  in  heavy  mater  solu- 
tion (135){13?),  yet  tha  catalysis  of  this  reaction  by  naaganous  ion 
uaa  core  vigorous. 

3athyl  and  ethyl  alcohol  have  bean  investigated  on  a auabar  of 
occasions  fox  their  effects  on  hydrogen  peroxide  reactions  (133).  Far 
example,  these  aubatarcee  have  been  found  to  inhibit  catalytic  deccsr 
poaition  by  copper  cr  manganese  (l39)(l'VD).  The  reaction  rith  ferrous 
ion  mas  3iailarly  suppressed  ( l’+l ) , yet  acetone  and  acetic  acid  ahorad 


con:}iiorabl7  less 
centra* ion.  In  th 

as  thy 1 or  ethyl  al 


effect,  The  effect  may  aloo  depend  rariedly  on  coar 


e cue 
ca  hoi 


a of  iodide  eatalyeie  increasing  proportions  of 
or  pj xidina  in  the  solvent  steadily  decreased 
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tho  ratoj  with  n-prop7i  alcohol,  on  the  other  hand,  tha  rata 
showed  a nininua  with  cone ant ratios  (l42).  In  contrast,  iso- 
butyl  and  amyl  alcohols,  glyoarina,  and  ©thylsna  glycol  increased 
tha  rata  of  iodida  catalysis,  although  Walton  and  Wonaa  (lHj) 
point ad  out  that  ouch  oolvanta  are  still  liia  wator  in  a qnall- 
tatiTa  u ay.  As  a result  of  a study  of  sulfide  osidation  in  such 
aolvanta  aa  ethyl  and  iaopropyl  aloohola,  diisopropyl  other, 
aoatoaitrils,  and  prcprionitrile,  C7erberger  and  Cnnains  (63) 
can©  to  tha  conclusion  that  tha  oaidatioa  was  proaoted  in  solvents 
oapabls  of  hydrogen  bonding  with  hydrogen  peroxide  and  that  it 
is  possible  that  water  and  alcohol  nay  be  equally  offsottre  in 
30l7nting  hydrogen  peroaids. 

Other  salTonta  izrreatigatad  include  acetone,  which  raa  shown 
to  inhibit  catalytic  doconpoaitisa  by  plat inun  (l?)4)  and  to  sap* 
pro  13  tha  thsraal  dseenpoeitioa  at  ‘^0°  aore  than  othaaol,  dioar- 
ana,  or  tatrahy&rofursa  (7%).  Stoner  and  Dougherty  (1^5)  found 
tho  oaidatioa  of  disulfide  acids  by  hydrogen  peroaide  to  ha  acid 
satalyssd  and  an  such  to  ba  accelerated  by  replacement  of  water 
by  dioaaae,  which  presumably  ©ffsat  hindaring  oolTation  offset 3, 
3thyl  other  me  found  to  reduce  tha  rata  of  decomposition  ca 
platinua  (l-^c) , and  tha  react  ion  between  titaaiun  tetrachloride 
and  hydrogen  p ©reside  in  anhydrous  ethyl  acetate  has  been  studied 
(lv>?) » £j'?»  hydrogen  parorida  in  anhydrous  hydrogen  flnoriia 

has  recently  bean  reported  (lt3)  to  be  aa  offcotira  reaction 
aediua  for  special  purposes.  Various  other  oaparin-ents  night  be 
reported  here,  but  than*  i3  ooae  ha  3 it  at  ion  in  classifying  than 
aaong  unusual  solTsats,  either  taoauaa  tha  proportions  ara  00 
snail  or  because  nora  or  lass  energetic  reaction  occurs  dirootly 
with  hydrogen  peroxide.  Tha  subject  ha3  a special  part inaaca  in 
regard  to  tha  stabilisation  of  hydregan  peroxide,  and  furthar 
direction  to  studios  which  night  ba  interpreted  in  of 

sol7ont  offsets  nay  ba  found  in  Chaptar  9. 

•H3ACTICI3  WITH  IHCHQAHIO  SU33TA2C33 

In  this  auction  is  gizon  a brief  exposition  of  tha  nature  and 
character  0?  tho  reactions  of  hydrogen  peroxide  with  inorganic 
substances  organised  by  the  position  of  tha  elements  of  tha 
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periodic!  table  according  to  the  system  used  by  Latimer  (4),  The 
closely  related  subject  of  debomposit ion  processes  is  discussed  in 
Chapter  6,  and  organic  and  biological  roaotion3  are  dealt  with  in  fol- 
lowing sections,  Iluch  of  the  material  presented  comes  frea  quite  old 
or  multiple  sources,  and  no  attempt  has  been  made  to  gi7e  complete 
referenoajto  such  older  literature  on  thie  oubjeot  aa  ia  cited  b7 
Heller  (1^9)  and  ?rlend  and  Trias  (150),  Some  leas  coaprehenaivt  but 
more  recent  ouaaarie3  of  the  inorganic  reactions  have  been  given  by 
Bancroft  aad  Ifuyphy  (20)  and  Stone  (151).  The  reaotion3  of  hydrogen 
peroxide  to  fora  inorganio  peroxidas  are  discussed  ia  Chapter  12,  Al- 
though the  material  presented  here  comprises  a review  of  a rather  con- 
siderable body  of  available  literature*  it  will  be  apparent  that  authori- 
tative and  comprehensive  studies  of  these  reactions  are  fee. 

In  this  dl30t23sioa  it  should  be  recognised  that  reaction  may  be 
with  either  the  anion  portion  of  a nolalcula,  with  the  cation  portion, 
or  with  both.  Thus,  fragmentary  accounts  of  oxidation  reactions  of 
Certain  aniosaj  e.<r.T  that  of  sulfide  or  sulfite,  have  been  oftentimes 
reported  in  the  literature  there  the  focu3  of  attention  uaa  rather  on 
some  other  part  of  the  moleoula.  Consequently  every  instance  of  such 
reactions  has  not  been  cited.  The  notion  of  hydrogen  peroxide  as  a 
metal  solvent  via  oxidising  action  is  also  widespread,  in  fact,  an  aoid 
solution  of  hydrogen  peroxids  rivals  aqua  regia  in  this  regard.  By 
proper  choice  of  sold  nearly  all  the  03 Sals  con  be  dissolved,  aad  soveral 
studies  of  ths  scope  of  this  action  are  available  (152),  The  oxidising 
action  of  hydrogen  peroxide  i3  also  of  interest  in  corrosion,  since 
it  may  be  formed  as  an  intermediate  in  the  reaction  of  oxygen  with 
various  natal  a,  as  discussed  in  Chapter  2,  Interesting  aspects  of 
this  topic  are  the  influenoe  of  hydrogen  peroxide  upon  the  fora  of 
oxide  fornad  in  corrosion  (153)  and  upon  the  regularity  of  corrosion, 
e.g, . it  is  reported  (15^)  that  sine  may  be  corrodad  to  an  especially 
smooth  surface  in  the  presence  of  hydroohlorio  acid.  Other  studies 
of  general  interest  concern  the  effeota  of  light  and  the  magnetic 
field  on  hydrogen  peroxide  reactions.  Dhar  and  Bhattachaxya  (155) 
found  the  absorption  of  light  by  certain  reaoting  mixtures  to  be 
greater  than  that  of  the  separate  ingrediant3,  Collins  and  Bryce  (156) 
demonstrated  that,  a3  they  expected,  a magnetic  field  of  12,000  gauss 
had  no  effect  on  the  rate  of  thermal  decomposition  of  1 to  3 wt.  /• 
hydrogen  peroxide  at  30°C, 
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All  the  reactions  dtnouuuod  are  douoribod  fox  hydrogen  por- 
o.xid3  In  tha  liquid  phaOe.fltudios  of  reactions  of  hydrogen  parotids 
vapor  haxa  baan  limited  to  a fas?  with  carbon  aonoxida  (62,  157), 
osona  (156),  magnesium  metal  (159),  and  sodium  potassium 
amalgam  (160),  Possible  solid  phaaa  reactions  hava  not  baan 
investigated  at  all. 

Oxy?an7  Hydronn 

In  aquaous  aoid  solution  an  excess  of  hydrogen  paroxida  ra&ots 
with  osone  according  to  tha  over-all  equation; 

H2°2  * °3  " H2°  + 202  (*») 

0 ith  smaller  proportions  of  hydrsgan  paroxida  the  ©aona  diaappaars 
nore  rapidly  than  tha  hydrogen  paroxida.  Tha  essential  feature 3 
of  thia  reaction  rare  outlined  by  Bathaund  and  Burgstallar  (lol) , 
and  tha  hinatica  over  aid 3 ranges  of  variables,  affects  of  coa- 
pet it ora  cad  inhibitora,  and  other  facta  relating  to  the  mechanism 
hava  baan  investigated  by  Tauba  and  Bray  (252).  The  reaction 
proceeds  via  free  radical  intamadiatea  and  has  been  regarded  by 
acne  aa  essentially  a oataly3i3  of  00 one  decomposition  b7  hydrogen 
paroxida. 

Tha  important  question  uhathar  raaction  occurs  between  hydro- 
gen paroxida  end  hydrogen  suparoxida  (perhydroxyl , IiO?)  or  the  ion 
of  it3  acid  dissociation,  Og,  hae  not  yet  been  settled.  George  (l6g) 
concluded  that  reaction  did  not  occur  with  either  ae  a result  of 
studies  of  potassium  superoxida  dispersed  in  hydrogen  peroxide 
solution.  Tha  validity  of  this  conclusion  has  been  called  into 
question  (l64)  because  the  experiment  dealt  with  a heterogeneous 
system,  and  mechanisms  involving  reaction  of  hydrogen  peroxide 
and  perhydxoxyl , i.e. . hydrogen  superoxide,  continue  to  be  aug- 
gasted.  The  supposition  that  perhydroxyl  is  a rather  strong  acid 
and  that  reaction  is  in  fact  with  Og  ion  is  widely  held.  A 
somewhat  unusual  reaction  which  hae  been  put  forward  concerns 
the  disproportionation  of  potassium  peroxide  dihydroperoxidate 
into  potassium  superoxide  and  water  (165) , The  course  of  reaction 
of  hydrogen  peroxide  with  either  atomic  hydrogen  or  atomic  oxygen 
has  been  discussed  by  Geib  (l66). 
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The  Halogang 

Reactions  of  the  halogens  and  their  compounds  with  hydrogen 

peroxide  nay  be  listed  among  tha  most  intensively  studied  in  chemistry. 

The  study  of  tha  rata  and  mechanism  of  a number  of  thaae  reactions 

haa 

with  ohlorina,  bromine  and  iodine Areoeiv3d  repeated  attention,  yield-* 
lng  a reliable  understanding  of  the  processes  involved.  Two  reviews 
are  available  which  summarise  this  workj  one  by  Bray  (l6?)  in  1932, 
provides  direotion  to  the  earlier  literature,  and  a core  recant  one 
by  Baxendals  (l63)  brings  the  subject  up  to  data.  The  kinetic  data 
available  are  summarised  in  tha  national  Bureau  of  Standards  Tables  (3). 
Of  particular  importance  in  the  disoussion  of  tha  mechanism  of  these 
halogen  reactions  are  two  papers  by  Edwards  (6^,13)  mentioned  above* 

The  reactions  with  fluorine  compounds  do  not  parallel  those 
of  the  other  halogens*  The  oxidation  of  fluoride  ion  i3  thermody- 
namically unfavorable,  and  elemental  fluorine  brings  about  a decom- 
position and  production  of  several  products,  not  yet  wall  character- 
ised. The  effect  of  hydrogen  peroxide  on  various  mined  fluorides 
was  observed  in  an  early  study  (169).  Haaaa  and  Batcher  (170)  found 
elemental  ohlorine  and  iodine  to  be  not  very  soluble  in  anhydrous 
hydrogen  peroxide,  and  observed  that  bromide  and  iodide  were  nuoh 
more  reactive  than  chloride  with  hydrogen  peroxide.  The  offsets  of 
ohloxide  and  bromide  in  mixtures  have  also  been  studied  (171), 

Both  elemental  chlorine  and  its  hydrolysis  product,  hypochlor- 
ite, are  reduced  to  chloride  ion  b7  hydrogen  peroxide  (l?2). 

Chlorates  axe  unaffected  even  at  tha  boiling  point  in  alkaline  or 
neutral  solution,  but  in  aoid  hydrogen  paroxide,  chlorina  and  chlor- 
ine dioxids  are  produced  (173)  • Tha  hydrolysis  of  the  chlorine  dioxide 
is  in  turn,  unaffected  by  the  presenoe  of  hydrogen  peroxide  (17^)* 
Perchlorates  are  likewise  unaffected,  making  perchloric  aoid  of  par- 
ticular usefulness  in  adjusting  the  pH  of  hydrogen  paroxide  solutions* 

The  oxidation-reduction  relationships  of  bromine  with  hydrogen 
peroxide  axe  similar  to  those  of  chlorine,  with  the  excaption  that 
bromats  ie  reduced  to  bromide  and  elemental  bromine.  The  most  extens- 
ive halogen  studies  have  been  carried  out  with  iodine  coapounds. 
References  to  tha  early  literature  are  provided  by  Walton  (l?5)j 
tha  extensive  contributions  of  Absl  (l?6)  must  ba  acknowledged* 


Morgan  (17/)  has  xacantly  rsTiewd  these  raaotiona 
siariaad  by  Table  4-  taken  from  Bray  and  Liebhafuky 


which  aro  sum-" 
(173).  A dash 


*3 


indicates  that  substantially  no  reaction  occurs. 


Table  4 

Reactions  of  Iodine  with  Hydrogen  Peroxide 
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Several  studies  of  special  aspaots  of  iodine-hydrogen  psroxida 
react  loss  nay  be  mentioned.  Snap*  (l 73)  has  reported  a spectra* 
graphic  study  of  the  iodide  reaction,  and  the  pH  changes  occurr- 
ing in  the  system  with  iodide  and  thiosulfate  have  been  published 
(l30).  The  oxidation  of  iodide  foraa  the  basis  for  a * •cloci.*  • 
reaction  (131).  The  reaction  la  catalysed  by  the  presence  cl 
iron,  and  aereral  studies  (l32)  have  been  node  of  thi3  so-called 
• 'Sch&abein'a  Reaotion.  * * 

Sol far.  -^slsaiua.  Tellurium,  end 

Sleaental  sulfur  is  quits  unroaotive  with  hydrogen  peroxide, 

With  othsr  valance  states  stop  wise  oxidation  cocur3t  continuing, 
under  suitable  conditions,  up  to  the  hexavalent  state  in  the  fora 
of  sulfate  or  sulfur  triexids.  Hydrogen  sulfide  in  acid  aqueous 
solution  is  oxidised  but  only  to  eleaental  sulfur,  A recent  study 
(133)  has  shown  the  rate  of  this  reaotion  to  be  inversely  propor- 
tional to  about  the  0,4  or  0,5  power  of  the  hydrogen  ion  concentra- 
tion and  first  order  with  respect  to  hydrogen  peroxide  concentration, 

In  alhaline  solution  sulfate  results  (134),  This  reaotion  le 
oatalysad  by  iron,  even  to  the  extent  that  the  purity  of  the  sol- 
vent water  used  nay  be  of  considerable  iaportance  (iSj),  The 
related  reaotions  of  the  metallio  sulfides  have  also  bean  studied  (134). 
Sulfite  is  readily  oxidised  to  sulfate  by  hydrogen  peroxide,  and 
two  tracer  studies  (51,  105) , already  discussed  above,  have 
increased  considerably  the  understanding  of  thi3  reaction.  An 
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Intareating  feature  of  the  sulfite  oxidation  i3  the  concuxxont  diaerixa- 
tion  to  fora  dithiorafie,  3^6™ ' occurs  to  some  extent  (106).’ 

Gladstone  and  Hioiling  (107)  have  contrasted  this  to  the  stoichiometric 
formation  of  dithiorva^  in  the  electrolysis  of  oulfits,  ?h 37  attribute 
the  electrolytic  reaction  also  to  the  intermediate  formation  of  h 7- 
drogan  peroxide  under  the  especially  favorable  circumstances  of  high 
local  concentration  on  the  anode  curfaos,  Similar  complications  occur 
in  the  rcaotion  b7  which  hydrogen  peroxide  replaces  the  "sulfide91 
sulfur  atoa  in  thiosulfate,  with  aa  0x730a  atoa  to  produce  cul- 

fate  (^l),  la  *his  oaa*,  apparently  trithionata,  1 Q2d  totrar 

thlcaate,  S^0g7  aay  also  be  formed  (103).  Sinetioally,  the  reaction 
has  been  reported  (1&9)  to  be  bimolcoulax,  and  the  effects  of  various 
catalyst 9 cuoh  as  iodine  and  molybdate  have  been  investigated  (129). 

It  is  of  Interest  to  compare  and  contrast  the  compounds  of  sul- 
fur and  ox7gea,  especially  in  regard  to  the  insight  this  nay  provide 

into  the  mechanism  ef  the  reactions  just  discussed.  Sulfur  and  0x73m 

O 4 

are  alihe  la  having  the  saae  H £ cuter  electron  structure,  maxing  their 
valence  relationships  sinilar.  At  the  sane  tine  there  is  a consider- 
able difference  la  their  elect roneg&tivities  and  in  their  tendencies 
to  hybridisation.  Another  difference  which  nay  be  of  outstanding 
importance  le  the  possibility  which  exists  for  sulfur  to  make  use  ef 
4 orbitals  in  mftd  or  rro^d2  hybrids,  an  energet ically  improbable 
situation  for  oxygen.  ?o  be  considered  in  the  light  of  these  facts 
are  the  very  short  lifetime  of  the  hydroxyl  radical,  CH,  compared  to 
the  relative  unroaotiveness  of  the  oulfhydryl  radical,  S3,  the  dispro- 
portionation under  certain  circumstances  (l^l)  of  sulfur  monoxide,  CO, 
to  fora  sulfur  dioxide  and  elemental  sulfur  (analogous  to  oxone  forma- 
tion free  molecular  oxygen) , and  the  apparently  complete  lach  of  rro 
hybridisation  in  HgS  with  a bond  angle  of  $0°.  Of  particular  importance 
is  the  question  of  the  electron  structure  of  sulfur  in  the  hexavaleat 
state,  i.i..  whether  six  an^d2  hybrid  orbitals  are  present,  thus 
involving  the  presence  of  w bonds  in  such  a structure  as  sulfate.  A 
number  of  references  (192)* discuss  this  topic  and  may  be  useful  in 
considering  the  possibility  that  the  ready  oxidation  of  sulfur  com- 
pounds by  hydrogen  peroxide  la  related  to  the  ease  with  which  it  can 
cause  the  formation  of  these  hybrid  structures.  In  this  respect  Howard 
and  Levitt  (193)  have  commented  on  the  fact  that  the  presence  of 
olectrcn  attracting  groups  on  a sulfoxide  or  sulfide  sloped  the 
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oxidation  of  these  by  peroxyoulfate  and  hydrogen  peroxide,  respec- 
tively. 

The  roaotion3  with  hydxogon  peroxide  of  the  remaining  aeabers 
of  tha  chalccgen  faaily  haTa  received  lass  attention.  Salcnitas 
axe  xaadily  oxidised  b7  hydrogen  peroxide  to  aalonates  (15^), 
although  xaaotion  with  oaloniens  aoid,  HgSaO-,  has  been  reported 
to  ba  an  exception,  Elemental  oeleniua  is  slowly  oxidised  to 
selenium  dioxids  (195)  t cad  it  also  baen  reported  to  ba  con- 
verted to  oalenio  aoid,  H^SeO^.  Hydrogen  aalenids  is  rapidly 
attached.  31eaantal  tellurium  dissolves  in  sufficiently  coa r 
cantratad  hydxogon  paxoxids  to  yisld  telluric  sold,  HgTs^  (196), 

This  xaaotion  occurs  also  if  tellurium  electrodes  ars  acted  on  by 
an  el sot xio  current  in  hydrogen  paxoxids  oolutian,  with  evidence 
that  hydxogon  tolluxids  nay  be  an  intermediate  product  (19£)V 
In  general,  talluratas  rssult  from  hydrogen  paxoxids  action, 
although  tslluxio  aoid  nay  ba  formed  under  suitable  conditions  (197). 
Tellurium  dioxids  is  reported  to  be  insoluble  in  hydxogsn  paxoxids 
(3?)  although  this  implies  that  oxidation  to  tslluxio  aoid,  corres- 
ponding to  ToO^,  does  not  pxooood  via  ToO^.  ohioh  by  its  imaolu- 
bility  would  appear  likely  to  interfere  with  fuxthsx  reaction. 
Elemental  poloniun  has  been  reported  (193)  to  dissolve  in  aoid 
hydrogen  peroxide, 

mtro-teu.  ?hCTchoTns,  Arsenic,  Antinomy,  llrrauth 

Several  sour oes  (199)  describe  tbs  course  and  kinetics  of  the 
reaction  of  hydrogen  peroxide  with  nitrite.  The  end  product  is 
nitrate  with  pexoxynitrou3  aoid  frequently  mentioned  as  an  inter- 
mediate. Hitxate  is  unxeaotive  with  hydrogen  peroxide  until  high 
concentrations  in  aoid  axe  reached.  Hitxate  in  neutral  solution 
is  essentially  unreaotivs,  Masson  (200)  found  oyanate  and  car- 
bonate to  result  from  the  reaotion  of  oyanids  with  hydrogen 
peroxide)  no  oxygen  appeared  as  long  as  excess  cyanide  was  present. 
2chu3tsx  (201)  reported  thiocyanate  to  produce  initially  ammonia, 
then  nitrate  on  reaction  with  hydrogen  pexoxids.  Hydroxylaaine , 
which  bridges  tha  gap  structurally  between  hydxogsn  peroxide  and 
hydrasine,  was  observed  by  Wurater  (202)  to  be  oxidised  by  hydro- 
gen peroxide  to  nitrate. 
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Tha  reaotion  in  aoid  solution  of  hydrogen  peroxide  with  hydra- 
zina  (203),  was  raportad  in  an  early  study  by  Browns  (2G4-)  to 

produce  hydrasoio  acid,  Mora  raoently,  Gordon  (205)  raportad 

only  molecular  nitrogen  and  water  to  result  from  thi3  reaotion  ia 
aqueous  solution.  The  rata  of  react  ion  was  found  to  be  groat  eat  at 
pH  10  and  no  hydrasoio  aoid  or  ammonia  could  be  detected  among  tha 
product 3 of  reaction,  Further  rcoant  wori  (4-7,206,207)  haa  demonstrated 
the  variations  in  the  course  of  this  reaction  which  can  be  brought 
about  by  changes  of  conditions.  Of  particular  importance  13  the  extra- 
ordinary sensitivity  of  the  reaction  to  catalysis,  and  it  haa  been  sug- 
gested (4-7,206)  that  reaction  does  not  proceed  between  hydrogen  per- 
oxide ard  hydras ine  in  dilute  aqueous  solution  except  as  induced  by 
catalysis.  Similarly  it  has  been  observed  (203)  that  these  substances 
are  even  capable —of  coexistence  for  none  tine  in  the  vapor  state  at 
1C0°0,  and  a for  sa.Sg..  Admixture  of  concentrated  hydrogen  peroxide  and 
hydros ine  from  common  sources,  however,  will  ordinarily  result  in  ex- 
plosion, although  there  nay  be  an  induction  period  of  variable  length, 
depending  upon  concentration,  temperature,  method  of  contacting,  and 
presence  of  other  species.  Substances  which  in  certain  ferns  have 
been  studied  for  their  catalytic  effect  on  thl3  reaction  are  cobalt  (205) 
titaniua  (4-7),  iodide  (206),  ooppar  (206,  135,  209,  210) , and  iron 
(I39,  209),  Molybdate  and  vanadate  have  bean  reported  ineffective  (2O9), 
and  it  uns  found  (2CS)  possible  to  inhibit  the  oat 0X73 is  with  a c em- 
planing agent.  Interest  ia  the  reaction  with  hydrasine  and  hydrogen 
peroxide  haa  also  been  stimulated  by  applications  to  propulsion  systems, 
Tha  reaotion  batmen  elemental  phosphorus  and  hydrogen  paroxide 
was  described  b7  Ooyl  (211)  as  producing  phosphine,  P3^,  and  phosphoric 
acid,  Phosphata  is  quite  inert  in  hydrogen  peroxide,  and  may  be  U38d 
aa  a stabilising  agent,  as  di30U3sed  in  Ohaptar  9*  Other  valenoe  states 
of  phosphorus,  e.g. . phosphorous  aoid,  are  oonvertad  (212)  to  phos- 
phate, Elemental  arsenic  has  been  reported  to  be  oxidised  by  hydrogen 
peroxida  to  arsenic  aoid,  H^AsO^,  Better  understood  is  the  oxidation 
of  arsanite,  AsO,a,  to  arsenate,  AsO^  , which  i3  quantitative  (213), 
Metallic  anitnony  and  it 3 oxides  are  rather  inert  toward  hydrogen 
peroxide,  although  the  sulfide  has  been  desoirbed  (21 4-)  as  dissolving 
in  ammoniaeal  hydrogen  paroxide  to  fora  antiacaiate.  Some  rather  ccn- 
plicatad  -effects  on  the  crystallographic  properties  of  antimony  tri- 
oxide,  3bp0? , have  bean  described  (215) . Moser  (21 6)  observed  bismuth 
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trioxide,  to  be  oxidised  to  biaauth -tatroxide,  BigGip 

which  could  than  in  turn  be  reduced.  In  alhaline  solution  bis- 
muth nitrate,  ha3  bean  found  (21?)  to  be  con73rt-3d  to 

a yellow-brown  bismuth  hydroxide,  Bi(OII),,  plua  a poorly  charao- 
tarizod  second  component. 

Carbon,  fill  loon.  Qeraanlm.  7nn4 

Btoichioaatric  reaction  of  hydrogen  peroxide  with  aloaantal 
carbon  ha3  not  bean  observed,  although  the  deccapoaitisa  which  occurs 
also  entails  soae  codification  of  the  carbon  our  fans,  Hupp  and 
Schlee  (213)  reported  that  hydrogen  peroxide  oxidised  carbonate  to 
for. aio  acid  and  fomaldohyde,  but  later  (219)  discovered  this  action 
to  have  been  brought  about  by  inpur  it  iaj  present.  Other  than 
report!  (220)  ef  absorption  and  peroxide  formation  (2.21)  no  other  ( 
instances  of  reaction  of  hydrogen  peroxide  with  oil  icon  sorpeunda 
appamr  to  ham  bean  reported,  C-erraniua  natal  haa  bean  reported  (222) 
to  ba  etched  b7  hydrogen  peroxide.  The  inertness  of  net  all  in  tin 
has  bean  coaowntad  upon  in  the  discussion  of  handling  procedures  in 
Chapter  ’}■,  In  solution,  stannous  tin  i3  converted  to  stannic  (22%)  t 
and  the  hydrou3  stannic  oxide  i3  quite  inert  ae  mil  ae  valuable 
as  a stabiliser.  The  relati73  inertneea  of  theca  elenante  ie  not 
shared  by  the  last  zaeabar  of  the  group,  lead,  which  1:3  a very 
active  decorspoeition  .catalyst*  Solution  of  net  ill  io  lead  secure 
in  acid  hydrogen  pa  reside  j on  increasing  the  p3  the  oxide 3 
appear,  with  lead  dioxide  clearly  the  product  under  all aline  conr 
diticne  (22}d). 


0 al  1 lun , Indira . ? h al  1 iua 

In  thi3  group  only  the  reactions  of  thalliun  appear  to  have 
been  studied^  it  being  reported  that  thalliun  natal  ia  converted 
to  thalloua  hydroxide,  T1C3,  and  that  thalloua  ©aide,  21^0,  i3 
oxidised  to  thallio  oxide,  TlgO^. 

2ino,  Ca&niun,  Mercury 


3ino  aetal  oan  ba  converted  to  aino  oxide,  "nO,  by  the  action 
of  hydrogen  peroxide.  It  haa  al30  been  reported  (225)  that  hydro- 
gen peroxide  will  causa  aino  to  dissolve  in  alh  aline  alcoholic  solu- 
tion. dnother  unusual  effeot  was  reported  by  Stone  (l3l)}  who 
found  that  addition  of  hydrogen  peroxide  to  sulfuric  acid,  in  which 
amalgamated  cine  was  producing  hydrogen,  caused  gas  evolution  to  cease. 
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then  lator  begin  again.  A peroxide  la  readily  formed  from  divalent 
aino,  an  old  report  asserting  that  this  reaotioa  oooura  explosively 
with  the  carbonato,  Metallic  norcrury  dissolves  in  aoid  hydrogsa  per- 
©xida,  ©xidsa  appearing  chan  the  pH  is  raised,  3o  report  of  a cadmium 
reaction  appear a available. 


Matallio  oopper  Bay  be  dissolvad  in  aoid  hydrogen  peroxide. 

Thi3  has  been  studied  from  the  standpoint  of  corrosion  b7  Glanner 
and  Glocher  (225),  Cxidation  nay  also  occur  ,4di-,  tri~,  and  quadri- 
valent states,  depending  upon  the  conditions  (227),  Hydrogen  per- 
oxide in  hydrochloric  aoid  is  reported  to  dissolve  aetallio  gold,  and 
oxidsa  of  gold  are  rednoed  by  allaline  hydrogen  peroxide  (223) , The 
effect  of  alloying  gold  ©n  the  rate  of  its  attach  by  hydrogen  per- 
oxids-acdium  chloride  nixiuros  has  al30  been  studied  (229),  Slsnental 
silver  is  similarly  dissolved  b7  acid  hydrogen  peroxide,  oxidation 
being  to  the  univalent  state,  Lihsvisa  in  alialiae  solution  reduction 
to  the  natal  occurs  (230),  although  formation  of  the  oxide  has  often 
been  considered  (231), 

The  action  of  hydrogen  peroxide  upon  silver  compounds  brings 
into  consideration  offsets  encountered  in  photography.  In  alh aline 
solution  hydrogen  peroxide  vill  develop  a latent  photographic  image 
(232),  Ilaee  (233)3  in  revising  this  caibjsot,  has  coraaentod,  as 
the  early  investigators  did,  on  the  structural  similarity  of  hydro- 
gen peroxids  to  such  a substance  an  hydroquinone  in  relation  to 
photographic  developing  action.  Also  mentioned  (233)  is  the  reason- 
able conclusion  that  the  active  entity  in  the  development  by  hydrogen 
peroxide  is  the  perhydxoxyl  ion|  hovever  it  mould  be  of  considerable 
general  interest  to  establish  this  b7  the  experimental  teohniqus 
developed  by  James  (234).  Hydrogen  peroxide  oan  also  darien  a 
photographic  emulsion  directly,  an  effect  observed  as  early  as  1342, 
Because  thi3  phenomenon  i3  sensitive  enough  to  respond  to  minute  con- 
centrations of  hydrogen  paroxids  it  ha3  bean  ussd^?  method  of  detect- 
ing traces  cf  hydrogen  peroxide,  as  described  in  Chapter  2.  Of 
particular  importance  la- establishing  an  understanding  of  this 
* 'Hus sell  Hfrcct11  has  been  the  discrediting  of  the  idea,  advanoed 
even  recently,  that  hydrogen  peroxide  exerts  this  action  by 
emitting  some  mysterious  radiation  or  radioactivity. 
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Hlcltal , Palladium,  Plattnun 

Hydrogen  peroxide  acidified  with  hydroohloric  or  oulfurio 
acids,  but  not  aoatio,  i3  capable  of  dissolving  netallio  niciel. 

Ho  action  of  hydrogen  peroxide  on  aoid  niciel  sulfate  was  obsax73d 
(235),  although  daocaposition  coours  oa  the  nichel  hydroxide  foxasd 
la  alialine  solution,  Metallic  platinm  la  quite  resistant  to 
attach  by  aoid  hydrogen  peroxide  (236)*  Sffoota  of  hydrogen 
peroxide  on  platisma  ouoh  aa  pnaaivation  (2 37)  and  production  (2 j3) 
of  platinua  trisxide,  PtO^,  la  relation  to  electrolytic  bsha7ic7| 
have  been  described.  Bi7alent  platinua  la  couples  co-apoundev 
SaXci  (U3>^) ^ £tOI>p  la  oxidised  (233)  to  the  giadriTaleat  state, 
ae  la  Cr%)2  S>t01^(C3)2? 

Cobalt . ^hodirra.  3?ld:l‘«3 

*he  rata  at  which  cobalt  natal  diaaolraa  la  hydrogon  peroxide 
to  produce  ©ebaltous  Isa  was  reported  (240)  to  be  first  order 
with  respeot  to  the  difference  between  the  nonentary  cobalt  00a- 
csntration  la  the  solution  and  the  saturation  oobalt  concentration, 
for  the  particular  pH  aad  hydrogen  peroxide  concentrations.  dt 
higher  pH,  cobaltoue  aad  later  cobaltlo  oxides  ore  produced.  la 
aaaoalaaal  aolutioa  hydrogen  peroxide  baa  bean  reported  to  produce 
a coaplsx  ouch  aa  [{H3^)^03020o(^H  )^]  containing  both  tri- 

and  tstrapositiwe  cobalt  (2-Vl)(3^a  Chapter  12). 

Oxidation  and  reduction  in  the  presence  of  hydrogen  peroxide 
of  the  ferrou3-fexrio  iron  systsa  ha3  rsoeired  intensive  atudy  in 
oonneotion  with  the  asaooiated  decomposition  process.  Ordinarily 
it  13  tba  oxidation  of  ferrous  ion  to  the  ferric  state  ohich  is 
predominant  in  aoid  solution,  with  precipitation  of  the  colloidal 
hydroxide  at  higher  pH,  The  possibility  of  oxidation  to  other 
states  has  also  been  considered  (242) , and  Evans,  George,  and 
Dri  (243)  studied  the  formation  of  a coupler  between  perhydroxyl 
ion  and  ferric  ion.  Under  suitable  conditions  the  treatment  of 
steel  with  hydrogen  peroxide  oan  yield  a polished  and  corrosion- 
resistant  surfaos  (244),  Interaction  of  hydrogen  peroxide  with  a 
number  of  iron  coupler  compounds  ha3  received  3tudy  (245),  Acti- 
vation by  light  ha3  been  observed  in  certain  of  these  reactions. 
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Manganese,  Technetium,  Rhenium 

Tha  chief  attention  in  the  reaction  of  hydrogen  paroxlda  with 
manganaae  compounds  has  been  centered  on  permanganate  reduction  which 
prooead3  to  manganous  ion  in  acid,  manganese  dioxide  in  alkaline  solu- 
tion, The  formula  of  the  manganese  dioxide  so  obtained  is  never  found 
to  correspond  exaotl7  to  MnOg,  and  several  investigations  of  this  aspect 
have  been  made  (246),  The  reaction  of  hydrogen  peroxide  with  perman- 
ganate is  exoeedingly  fast,  especially  when  catalysed  by  tha  pxesenoe 
of  manganous  ion,  nevertheless,  kinetic  measurements  have  been  made  (247) 
Hers,  Stafford,  and  Waters  (243)  have  discussed  the  mechanism  of  the 
reaction.  Only  one  investigation  (249)  of  rhenium  appears  to  have  been 
reoorded|  this  shoved  solution  of  rhenium  heptoxida,  Be^O^,  to  coou? 
in  hydrogen  peroxide. 

Chromium.  Molybdenum,  Tungsten 

With  this  group  of  elements  there  i3  begun  consideration  of  those 
elements  which  readily  fora  well-known  peroxy  acids.  For  a more  ade- 
quate consideration  of  these  compounds,  reference  should  be  nade  to 
Chapter  12. 

Chromium  metal  i3  relatively  inert  in  acidic  ox  basic  hydrogen 
peroxide,  only  a alow  solution  taking  place.  Aside  from  study  of 
perox7ohromates,  most  attention  has  been  directed  toward  the  reduction 
of  chromic  aahydrids,  CrO^ , by  hydrogen  peroxide  to  fora  trl7alant 
chromium  (2^0) . Molybdenum  in  all  valence  states  i3  similarly  con- 
verted to  a peroxide  (251),  and  phoephoaolybdate  cannot  be  precipi- 
tated in  the  presence  of  hydrogen  peroxide  (252),  Molybdenum  sulfide 
reacts  with  hydrogen  peroxide  to  fora  sulfate,  barring  the  use  of  this 
substance  as  a lubricant  in  contaot  with  hydrogen  peroxide.  Tungsten 
may  be  dissolved  in  hydrogen  peroxide  to  form  tungstic  acid,  HgWO^, 
and  may  be  further  converted  to  peroxy tungstates, 

| Vanadium,  Hiobium.  Tantalum 

A number  of  stages  have  been  postulated  to  occur  in  the  reaction 
of  mata-vanadate , VO^”,  or  vanadium  pentoxide,  VgO,.,  with  hydrogen 
| peroxide  to  the  peroxy  form  (253),  Hiobium  tantalum  affect  each 

j other* a solubility  in  acid  hydrogen  peroxide j apparently  they  form 

1 

j colloidal  solutions  (254) . The  actual  solubilities  differ  consider- 
ably, tantalio  acid  being  only  partially  soluble  whereas  niobic  acid 
is  quite  soluble  in  hydrogen  peroxide.  The  metals  also  differ  { 255) * 
tantalum  being  virtually  inert  in  acid  hydrogen  peroxide. 
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Tltnnlua,  Zlrconlun,  Hafnium 

The  yellow  complex  compound  formed  whan  a titanium  aalt  la 
aired  with  hydrogen  peroxide  ia  of  considerable  Interest  since 
thie  reaction  ia  the  baeia  of  a highly  opeoifio  method  of  analys- 
ing fox  hydrogen  paroxida,  a3  xooountcd  in  Chapters  10  and  12,' 

The  rsaotioa  of  hydrogen  peroxide  with  titanoua  ion,  Ti  , haa 
been  reported  (^7)  to  produce  free  hydroxyl  radio ala,  and  tha 
further  conversion  to  tha  peroxy  otat3(  TiO^i  ooouxn  readily, 

An  oxyoulfata  hao  also  baen  deeoribed  (256),  Titanio  hydroxide 
ha3  aloo  been  reported  to  fora  a colloidal  solution  ox  gel  In 
hydrsgan  peroxide  (2J7).  Tha  formation  of  a titaniua-fluoxi&a 
complex  ion  mj  also  be  catalysod  by  hydrogen  peroxida  (2^3), 
Sirooaiua,  either  a 3 tha  matal  ox  an  tha  sulfate  appears  to  be 
quits  inert  in  hydrogen  pexoxida  (259). 

Horn.  Alursinua.  ^oaadlm.  Ttsviua 

Colloidal  elemental  boxon  i3  converted  to  boxio  aoid,  by  hy- 

drogen peroxide  (260)  with  no  further  notion  ©boervod,  Iletallio 
aluainua  in  acted  on  to  a 73x7  small  oxtant  by  hydrogen  pexoxida 
to  foxa  alnsisra -h7drosida . Th3  formation  of  an  adherent  lays* 
of  tha  hydroxide  on  tha  surface  undoubtsdly  accounts  fox  tha  out- 
standing inertness  of  aluainua  as  a storage  container.  It  in  navax- 
thalsnn  possible  fox  corrosion  to  occur  in  tha  presence  of  othax 
oubntanoaj,  notably  chloride,  and  quits  a number  of  studio 3 of 
this  topic  ha73  bean  reported  (2$l) , Tha  role  of  tha  chloride 
has  baen  croggeated  to  be  a loosening  of  tha  alminua  hydroxide 
filn  an  wall  an  increasing  tha  electrical  conductivity  of  tha  solu- 
tions. That  electrolytic  corrosion  actually  does  oocux  has  basn 
demonstrated  by  Aiiaov  and  Olaahho  (262)  using  colorimetric 
indie at oxn. 

Earn  Eaxthn  and  Aotinides 

Fen  of  these  elements  have  received  attention  with  respect 
to  their  reaotion3  with  hydrogen  peroxids.  An  oxide  i3  said 

to  be  characteristically  produced  from  tha  rare  earths  and  thin 
appears  to  have  been  demonstrated  for  lanthanum  and  3 maxims’? 

The  reaction  of  cexio  ion  v’  + o hydrogen  peroxide  to  produce  cerous 
ion  ia  quantitative  and  its  use  in  an  analytical  procedure  for 
hydrogen  peroxide  is  discussed  in  Chapter  10,  Among  the  actinides 


thorium  has  boon  obaorved  to  form  an  oxide  Th^O^  (263) , and  uranium, 
besides  forming  a peruranio  acid,  lo  oxidized  from  tho  quadrivalent 
stale  to  uxanyl  ion,  OOg"*^  (2640 . 

The  Alkaline  flarths 

Hatallio  magnesium  ia  slowly  disaolvsd  b7  hydrogen  peroxids  to 
fora  tha  hydroxide;  tho  other  alkaline  earth  ©laments  appear  not  to 
have  been  examined  in  thi3  reaped,  but  would  be  expected  to  behave 
similarly,  The  status  of  the  system  in  solution  ia  fixed  by  the 
equilibrium  between  peroxide,  hydroxide,  and  hydrogen  peroxide, 
e..g. « aa  examined  by  Abagg  (265)  in  the  case  of  barium  hydroxide 
(3se  alao  Chapter  3),  Reports  have  been  given  of  the  reaction  of 
radium  halldae  on  hydrogen  peroxide  whioh  on  examination  prove  to 
hart  da alt  im  faot  with  the  effacta  of  the  radiation  therefrom. 

The  Alkali  IWala 

Just  a 3 with  mater,  the  alkali  metals  reaot  violently  with 
hydrogen  peroxide  to  produce  hydrogen  gae.  In  the  case  of  oodiua 
amalgam  Eaksr  and  Parker  (266)  reported  differences  in  the  reactivity 
with  various  samples  of  water  to  be  caused  by  the  presence  of  hydro-* 
gem  parjuids.  The  peroxides  of  these  elements  are  described  im 
Chapter  12. 

R1A0T  10*13  07  H7DRCG Eg  F5R01II3  13  035010  CHZJISTRT 

The  greatest  usefulness  of  hydrogen  peroxide  has  been  im  the 
area  of  reactions  with  organic  substances.  ?or  tha  moat  part  the 
basic  meohanisms  of  these  reactions,  such  as  in  bleaching,  have  been 
little  understood,  but  the  combination  in  hydrogen  peroxide  of  power- 
ful oxidising  potential  with  efficiency  and  specificity  of  action  as 
well  as  the  fact  that  its  reaction  by-products  are  innoccuous  has 
favored  its  U3e,  Here  recently  there  has  been  an  increase  in  its 
application  to  well'-dsfinad  steps  in  organic  synthesis,  for  example, 
epoxidation,  hydroxylation,  qulnone  formation,  ring  splitting, 
polymerisation,  and  peroxidation.  Suoh  reactions  axe  being  used 
in  tha  production  of  waxes,  resins,  polymeric  materials,  plasticisers, 
drugs  and  medic  inala,  insect ioidss,  and  many  organic  intexmediatss. 

It  seems  safe  to  say  that  such  application  and  the  study  of  tha 
reaotions  involved  ia  likely  to  undergo  outstanding  growth. 

In  many  instances  hydrogen  peroxide  forms  an  organic  peroxids 
or  a peroxy  acid,  either  organic  or  inorganic,  in  the  reaction  mixture 


73 


and  it  io  thia  species  rather  than  hydrogen  peroxide  as  ouch  which 
ia  the  active  agent.  Such  formation  may  oome  about  naturally 
through  the  choioe  of  a non-aqueoua  solvent  or  the  apecifio  per- 
oxide nay  be  deliberately  oho can  in  ordar  to  attain  an  inoxeased 
reaction  rata  or  high  degree  of  specificity.  Tha  reasons  for  tha 
diffarencaa  in  behavior  batuaen  tha  different  paroxidas  trere 
developed  above  in  the  general  discussion  of  mschani33.  Because 
of  suoh  differences  in  behavior  it  is  of  importance  in  interpreting 
the  reault3  reported  ti  the  U3e  of  '’hydrogen  peroxide' ' as  a reagent 
to  ascertain  chat  peroxide  structure  was  aotually  the  true  reactant, 
Frequently  it  ia  optional  whether  the  peroxide  is  added  as  such  or 
whether  it  is  formed  in  situ  from  hydrogen  paroxida,  and  in  ocas 
instances  the  same  results  are  attained  with  different  peroxidea. 

In  cost  oases  in  which  hydrogen  peroxide  is  nominally  Hated  as 
the  reactant,  but  is  in  fact  not,  it  mill  be  found  that  the 
actual  peroxide  is  one  of  the  peroxy  aoid3,  either  paroxyformio 
or  pexoxyacatio,  less  frequently  one  of  tha  higher  hoaologuas  or 
peroxybeneoic  acid.  Peroxy  acid3  of  some  of  the  heavier  metals, 
cush  as  osmium  or  molybdenum  are  §orna4afn  3itu.  Sometimes  a 
reaction  is  described  as  involving  hydrogen  peroxide  whan  the 
actual  reagent  added  i3  an  organic  peroxide f for  example, 
tertiary  butyl  hydroperoxide  and  ben3oyl  peroxide  are  the  common- 
est non-acyl  or  di-oubatitutad  peroxides  so  described.  Than  per- 
oxides other  than  thoae  jjuat  mentioned  are  used,  it  ia  much  1333 
lihely  that  tha  reaction  will  be  attributad  to  hydrogen  peroxide. 

To  thia  liat  must  be  added  those  substances  which  fora  free  radi- 
cals on  reaction  with  hydrogen  peroxide.  Outstanding  in  this 
respect  is  the  system  hydrogen  peroxide-ferrous  iron,  hnoma  as 
Fenton's  reagent  (23?).  At  low  hydrogen  paroxide/f erroua  ion  con- 
centration ratios  this  ia  an  exceedingly  aotive  oxidising  system, 
and  a survey  of  the  types  of  organic  substrates  affected  by  it 
haa  been  mad*  by  liars  and  Waters  (2 S3), 

These  factors  nabs  tha  reactions  of  peroxy  aoid3  and  othar 


paroxy  compounds  of  intareat  in  an  account  of  tha  organic  reactions 
of  hydrogen  peroxide,  Tha  present  di3CU3sion  haa  been  anticipated 
in  thi3  respect  by  tha  outstanding  revise  by  Svern  (2$J)  of  peroxy 
acid3,  which  contains  700  references  to  the  literature.  Other 
re view 3 of  the  organic  reactions  of  hydrogen  peroxide  and  peroxy 


i j have  b 


n oubl  i shed  by  Taylor  (270)  . -Teh  ns  on  (T’.'O 
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Friaoa  (2 72),  Hudliokjr  (2?j),  and  Teat  a (27*0.  A uoeful  table  sum- 
marizing representative  reactions  was  presented  by  Shanloy  and 
Greenspan  (275).  The  following  is  a brief  guide  to  literature  des- 
cribing typical  organic  reactions  of  hydrogen  peroxide. 


A13c.nnaa 

The  saturated  paraffins  are  found  (275)  ba  inert  to  th3  action 
of  hydrogen  peroxide,  either  concentrated  or  in  the  presence  of  mstalllo 
catalysts,  although  emulsions  or  mechanical  dispersions  in  concentrated 
hydrogen  peroxide  can  be  detonated,  Alkyl  Orignard  agents  react  to 
fora  alcohols  (2 76), 

gthvlnalo  Dubetaaosg — ^oxidation  and  Hydroxyl at  ion 


Ccapounds  containing  an  unsaturated  carbon  to  carbon  bond, 

RG3  * C33’ , oan  be  converted  to  the  0x50x7  or  oairane  fora  ^03^-^033, 

and  further  to  the  pol7h7drox7  or  glycol  fora,  303(03)03(03)3’ , 
through  the  action  of  rarious  peroaidea.  The  literature  dealing 
with  these  reactions  has  been  reviewed  and  discussion  of  the  mech- 
anism and  experimental  procedures,  including  lengthy  tabulations  of 
eubstancas  undergoing  the  reaction,  ha3  been  given  in  two  papers  by 
Swern  (269,277).  Other  lees  comprehensive  revises  dealing  largely 
with  practical  aspects  are  also  available  (273).  Thi3  re  cot  ion  is 
sometimes  known  as  the  Prilsochajesr  reaotion  (279)  and  has  bean  carried 
out  with  aliphatic  aryl,  alicyclic,  and  heterocyclio  olefins,  unsatur- 
atad  fatty  acid3  and  03tar3,  fats  and  oil3,  and  unsaturatsd  alcohols. 
Ordinarily  hydrogen  parozide  alone  ie  ineffective,  9,3. . l-pentana  was 
unaffected  b7  90  wt.  °/o hydrogen  peroxide  even  in  the  presence  of  iron 
or  vanadium  (275),  In  order  for  reaction  to  proceed  it  i3  generally 
required  that  a peroxy  acid  be  present  to  offer  a more  electronically 
unayametric  peroxide  group  than  that  existing  in  hydrogen  peroxide. 
Whether  the  reaction  is  readily  stopped  at  the  epoxide  or  whether  it 
continues  to  the  glycol  depends  on  the  conditions,  gentler  treatment 
being  required  to  obtain  the  epoxide  in  high  yield.  Inorganic  catalysts, 
which  operate  through  a pexoxy  aoid  fora,  have  also  been  developed  for 
this  purpose  (230,67) f that  using  osmium  in  text -butyl  hydroperoxide  has 
been  referred  to  as  the  Milas  reagent,  Peroxy  aoids  are  not  effective 
in  epoxidation  of  ketones  and  &cid3  having  a double  bond^  ^ to  the  car- 
bonyl group.  Here  alkaline  hydrogen  peroxide  does  react,  however  (2?0), 
Study  has  also  been  made  of  the  photochemical  addition  of  hydrogen  peroxi 


to  the  double  bond.  Considering  alioyolic  substances  in  par- 
ticular, a number  of  studies  are  available,  Cyolohexana  alone 
does  not  react  (275)#  The  hydroxylafcion  of  cyclohexanone  and 
its  conversion  to  odipio  acid  haa  been  studied  (222).  Other 
work  haa  been  conducted  nith  th3  torpenes,  cadalene  (22^)  and 
bxaailoin  (22^),  the  terpin,  cineols  (225),  the  terpens  alcohol, 
aabinol  (226),  and  an  indene  derivative  (237), 

Alcohol 3 

Ethanol  does  not  react  with  concentrated  hydrogen  psroxids  (17s3) 
in  the  cold  mixture  although  mixtures  in  oertain  concentration 
ranges  can  detonate  with  tremendous  violence.  In  the  presence  of 
ferric  ion,  however,  roaotion  proceeds  to  ths  formation  of  aoetio 
acid  (233)  or  oven  to  carbon  dioxide  (27p),  Tertiary  aT-^1  alao- 
hols  can  be  convert  ed  to  alkyl  hydroperoxides  (70) , and  a number 
of  products  are  obtained  from  tertiary  aromatic  aloohol3  (239). 

Tith  the  polyhydric  alcohol,  glycerol,  formic  cold  is  obtained 
directly  with  hydrogen  peroxide,  glyceric  acid  and  glyoollio  aoid 
being  intermediates  (299).  In  the  presence  of  ferric  ion  glycexal- 
deh7de  is  formed,  calcium  carbonate  favors  formaldehyde  and 
aoid  formation.  The  mechanism  of  these  reaotions  with  alcohols 
haa  been  studied  by  Ziera  and  Tatars  (291). 


flirboxvlio  ^r.d  .Tit  s \cids,  Md)hTdei,  and  let  one  i_ 

The  reaction  of  hydrogen  peroxide  with  the  simpler  carboxylic 
acids  is  a frequently  uead  route  for  the  preparation  of  peroxy 
acids.  Further  oxidation  can  also  occur  (292) j the  longer  chain 
acids  being  least  susceptible  to  this.  In  the  oxidation  of  the 
dicarbox7lio  acid,  oxalic,  aoid  conditions  were  found  to  promote 
the  conversion  to  carbon  dioxide^ basic  conditions  to  retard  it  (29j) 
Uesoxalio  aoid  behaves  similarly  (29^).  The  prea-enoe  of  hydroxyl 
groups  was  found  also  to  inoxease  the  rate  of  oxidation,  e,?, . in 
the  series  succinic,  maZaio,  and  tartaric  aoid  (295) • 
unsaturated  fuaaric  and  maleic  acids  have  al30  been  investigated 
(296),  Oxidation  of  maleio  anhydride  with  hydrogen  peroxide  is  in 
use  a3  a commercial  method  for  tartaric  acid  manufacture  (29?). 
Reactions  with  keto  acids,  such  as  glyoxylic  and  acatoaostic,  have 
been  studied  (293);  mechanisms  nhich  may  account  for  the  observed 
base  catalysis  have  also  been  discussed  (299).  Reactions  01  hydroge 
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peroxide  with  tho  dlcarbonyl,  glyoxal  (300),  the  related  glyoolllo 
acid  (30l),  and  trikotonsa  (302),  and  other  ketones  (3O3)  have  aloo 
been  studied. 

The  aldehydes  react  directly  with  hydrogen  peroxide  to  fom 
hydroxy  alkyl  peroxides,  ROH(OH)CCH  and  RGH(CH)C&33{CH)Rf  and  these 
in  turn  reaot  further  to  fora  acids  and  other  products  43^4) , Ths 
reaoticn  is  acid  catalysed  (305),  and  the  kinetics  of  the  reactions 
with  formaldehyde,  acataldshyde,  and  propionaldebyde  have  been  studied 
(306),  The  product  of  oxidation  of  formaldehyde  is  foraio  ooid, (307)* 
but  it  is  notable  that  under  alkaline  conditions  molecular  hydrogen 
is  also  a product  (303).  Urea-formaldehyde  resins  are  also  decomposed 
b7  hydrogen  peroxide  (309) . 

OTTnaio  litrcxen 

Primary  amines,  R332,  are  vigorously  decomposed  by  hydrogen  per- 
oxide, secondary  amines,  IUH3,  react  energetically  to  fora  hydroxy- 
laainee,  R^UCH,  and  tertiary  aainea,  are  sluggishly  oxidised  to 

amine  oxides,  R^UO  (2?3).  In  the  presence  of  ascorbic  acid  and  iron, 
aiirobanmana  is  similarly  converted  to  nitrephenylhydroxylamine  (310), 
nitriles,  ECR-  are  converted  to  amides,  ROORRg*  action  ©2 

hydrogen  peroxide^  th3  reactions  of  tenaaaide  (?'}>)  and  adiponitrile  (311) 
in  this  fashion  have  bean  studied.  Saponification  of  nitriles  has  ala© 
been  reported  (312).  Amino  aoid3  react  with  hydrogen  peroxide  in  the 
presence  of  ferric  ion  to  produce  keto  acids  {313),  Aaobeneene  is 
readily  converted  to  asoxybensens  • cud  coupling  to  foam  triocr 

30X7  derivatives  ha3  also  been  reported.  There  has  aloo  been 
interest  (315)  in  the  bleaching  of  the  triphenylma  thane  dye,  malachite 
green.  Of  interest  for  their  spaotacular  quality  axe  the  luminescent 
reaotion3  of  hydrogen  peroxide  with  certain  nitrogen  compounds,  Rest 
known  is  that  with  luninol  or  3-aminophthalohydxa3ide  (316)  B which, 
when  observed  in  the  dark,  shows  light  resembling  that  of  the  firefly. 
Huntress,  Stanley,  and  Parker  (317)  have  described  in  detail  the  con- 
ditions for  carrying  off  thi3  xeaotion  in  moat  efficient  and  ahoumaa- 
like  fashion.  Other  luminescent  reactions  have  been  described  with 
Butter  Yellow  (313),  pyre gall el  (319) , and  a number  of  other  dyee  (32O), 
Luminescent  reactions ^f^^oxganio  compounds  have  also  been  reported  (321), 
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Organic  Sulfur  Compounds 

It  is  roportod  that  hydrogen  peroxide  in  a mixture  of  nodiun 
aulfida  and  banzylch.loride  can  produce  nercaptans  {322).  Such 
compounds  containing  oulfhydryl  grcup3,  or  nercaptans,  oan  in 
turn  be  oxidised  to  disulfidss,  . othyl  aeroaptan, 
is  converted  to  disthyldisulf ids,  although  oatalysis 

is  generally  required.  An  outstanding  example  of  this  is  'he  con- 
version of  cyatein3  to  oy3tine  (323) j the  tripeptide,  glutathion, 
acta  similarly  (324).  These  disulfides,  which  cay  also  be  termed 
persulfides,  oan  in  turn  be  converted  to  products  ouch  as  H2Q3Q3  (325) 
(2es  discussion  of  cool  below) , Cystine  i3  reported  (326)  to 
react  to  fora  taurine.  Sulfides  are  oxidised  to  aulfoxido3,  a;*?, . 
dlbens7l  oulfidoi,  (0^2^C2^)^3t  produces  dlbensyl  oulf oxide, 

(3  <11-2X0*,  20?  reports  of  the  behavior  in  this  fashion  have- beam 
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given  of  aliyl  and  chlsroalhyl  oulf ides  (32?),  0x7!  trityl  sul- 
fides (323) , and  an  amino  sulfide  (325).  further  oxidation  to  onl— 
fanes,  X^CO*,,  can  then  occur, 

iim 

Qa?boh7 drata* 

In  the  absence  of  a catalyst  the  carbohydrates  are  relatively 
unmeet  iv3,  although  detonable  mixtures  can  be  forced.  tJith  iron 
as  a catalyst  there  can  occur  a nsll-hnown  reaction  for  the  pre- 
paration of  a lover  aides*  from  the  aldonic  acid,  a.,'?,',  &— araboaio 

acid.  CXjC3(C3C3).30C3.  converted  to  d-erythro::s3Cl^Cl(CX^) 
llorrell  and  Crofts  {33O)  reported  extensive  studies  of  carbohydrate* 
oxidation?  fructose  (331)  and  l-rhamoea  diacetate  (332)  have  also 
been  studied. 

Aronatio  Compounds 

Bensene  and  toluene  do  not  react  with  hydrogen  peroxide  in  the 
absence  of  a catalyst.  If  an  iron  compound  i3  added  to  the  peroxide 
layer  and  the  mixture  stirred,  oxidation  to  phenol  tabes  plaoe.  If 
further  reaction  is  aliened,  deeper  oxidation  cocur3  with  the  forma- 
tion of  interesting  daxi-colored  and  colloidal  substances  (333)* 
Bottomley  and  Blachaan  (334-)  suggested  a possible  relation  of  this 
reaction  to  the  formation  of  peat  and  coal.  In  the  presence  of 
.acetio  aoid  other  substituted  benzenes-  are  oxidized,  a,<? « . aniline 


is  converted  to  nitrobenzene  and  asoxybenzene , and  tenzaldehyde 
produces  benzoic  acid.  The  polynuclear  hydrocarbons  yield  quinonas; 
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phenanthrone  to  (llphonlo  acid,  3aphthol  la  oirailarly  converted  to  the 
quinona  (335)  an£*  r^n3  splitting  aluo  oaoure,  for  example  to  give  o~ 
oarboayoinnamio  aoid,  Hydrogen  peroxide  doaa  not  aid  in  tha  aulfona- 
tion  of  naphithol  (336),  On  tha  othar  hand,  hydrogen  paroxid3  doaa 
promote  halogenat ion  of  a number  of  compounds  (337 ) « a .*?«  1 g-benaoquiaona 
provides  chloranil, 

Hite:no70lio  Compound! 

Considerable  attention  has  been  paid  to  the  raaotiona  of  hydro- 
gen peroxide  with  heteracyolio  compounds,  Examples  which  nay  ba  nan- 
tioned  are  furfural  (333),  thiopheaa  (339) » nicotinio  aoid  (3^0), 
thyaime  (3^1),  pyraaine  derivatives  (34-2),  piperasina  (34-3),  phenaxinas 
and  quiaoxalinaa  (344-),  and  urio  aoid  (3^5) • Many  of  thasa  ara  of 
biological  interest,  and  additional  natter  in  this  r aspect  will  ba 
found  below.  The  coiepouad  H-hydroxyqu  incline  • ia  also  of  concern  in 
tha  stabilisation'  of  hydrogen  peroxide.  Tha  reaction  of  a larga  number 
of  alhaloida  with  hydrogan  peroxide,  hava  alao  bean  imvastigatad, 

. 7$ 

oolohioaia*;  (35O) . 

, Many  studies  of  amorphous  and  polymeric  organic  oubstanoea^ 
their  interact  ione  with  hydrogen  paroxide  have  baen  carried  out.  Much 
of  this  uorh  holds  intarast  in  raapeot  to  tha  U3a  or  biological  signi- 
ficance of  hydrogen  psroxi&s  and  ia  reported  in  tha  discueeione  of 
those  topic a.  To  tha 33  nay  ba  add3d  studies  of  tha  of foot 3 on. natural 
and  synthetic  rubbers  (351)*  coil  (352),  and  sphagnum  nose  (333). 

cpoAuio 

Tha  field  of  organic  paroxidas  ia  so  larga  that  it  demands  sepa- 
rata  treatment,  and  it  haa  not  baen  attemptad  to  cover  it  ia  thia  mono- 
graph. Abundant  evidence  haa  baen  furnished  to  iadioata  tha  ralation- 
ahipa  of  hydrogen  peroxide  to  organic  pexoxidasi  this  has  entarad  the 
discussion  partioulaxly  in  the  sections  on  nomenclature*  formation, 
safety  and  handling,  structure , reaction  machaniaa,  and  use 3,  Atten- 
tion may  be  direoted  to  a.  number  of  boohs  and  reviews  which  will  give 
a competent  entry  to  thi3  3ubjaot.  Reference  has  already  been  made  to 
the  content  of  the  review  by  Seem  (269)  and  tha  booh  b7  Tobol  shy  and 
Hesrobian  (40) , A convenient  introduction  to  the  field  ha3  been 
provided  by  Milas,  Margulies,  and  Shanley  (354),  A very  adequate  treat- 
ment of  preparative  methods,  valuable  also  in  showing  the  use  of 


especially  by  Oohaer  (34-6)  and  by  Fernandes  and  Pixxaroso  Jh4>?) 
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thaee  must  be  addsd  otudiaa  on  nicotine  (3^), 
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hydrogen  peroxide  in  forming  organic  peroxides  and  for  emphasizing 
some  of  the  dangers  inherent  in  these  substances,  la  given  by 
Griagee  (355)*  Several  other  reviews  (356)  have  appeared  reoently 
and  t7 ill  be  found  useful  for  their  varying  content  and  approaoh. 


HY03CQ3N  PIROXin.l  H BIOLOGICAL  PR0C1!331!3 
It  ha3  been  pointed  out  that  an  important  consideration  in  the 
oharaistry  of  hydrogen  peroxide  iait3  position  a3  an  oxidation- 
reduction  interm2diate  between  aoleoular  oxygen  and  water.  The 
utilisation  by  living  organiea3  of  atmospheric  oxygen  to  oxidize 
various  nutriente  to  carbon  dioxide  and  sat ar  a3  the  means  of  pro- 
viding energy  makes  thi3  relationship  of  particular  interest  in  the 
vital  processes  of  biological  oxidation.  It  is  dear  that  hydrogen 
peroxide  is  a metabolite  normally  produced  and  destroyed  by  a wide  . 
variety  of  plants  and  animals,  but  only  a beginning  has  been  made 
in  establishing  the  mechanisms,  limitations,  and  importance  of  this 
aspeot  of  biological  oxidation.  In  addition  to  playing  a part  in 
the  prooossas  which  provide  energy  to  the  organism,  there  are  other 
prooeseea,  for  example  synthesis  and  detoxication,  in  which  hydrogen 
peroxide  participates.  All  these  are  normal  and  perhaps  indispens- 
able activities  occurring  in  living  ti33ue,  in  which  hydrogen  peroxide 
take3  part  at  extremely  low  concentrations.  To  consideration  of 
these  must  be  added  concern  about  the  effects  on  life  processes  when 
hydrogen  peroxide  becomes  present  at  abnormally  high  concentration, 
either  through  malfunction  of  the  organism  or  through  deliberate  or 
accidental  exposure , Since  hydrogen  peroxide  ie  normally  present 
in  nature  only  in  minute  proportions,  the  latter  situation  arises 
only  during  manufacture  and  U3e.  In  this  division  of  the  chapter 
all  these  aapaota  of  hydrogen  peroxide  chemistry  are  discussed,  an 
exception  being  that  the  discussion  of  the  mechanism  of  catalytic 
decomposition  by  enxymas  ha3  been  placed  in  Chapter  S,  These  axe 
oubjsot3  having  a large  and  somewhat  diffuse  literature j fortunately 
thia  i3  offset  to  some  degree  by  the  availability  of  a number  of 


excellent  reviews,  ?or  these  reasons  this  discussion  should  not  be 
depended  upon  for  complete  direction  to  the  literature. 


Riolo-gtcnl  Cali  it  ion 

In  simplified  fashion  the  process  whereby  energy  is  gained  to 
carry  out  the  life  processes  is  regarded  as  a controlled  oxidation 
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whereby  a substrata  io  convortod  by  oxygen  into  water  and  oarbon  dioxide. 
This  ocoura  in  otapa  dealing  with  a few  atoms  of  the  substrate  at  a 
time  In  near-neutral,  water  solution  at  temperatures  regarded  a a low  by 
the  ohami3t,  the  catalysis  for  the  steps  being  supplied  by  biological 
catalysts  or  enzymes,  From  the  standpoint  of  interest  in  hydrogen  per- 
oxide there  are  three  kinds  of  reaotions  to  be  considered,  These  axe 
the  stop a in  which  hydrogen  peroxide  ie  formed,  those  in  whioh  it  aota 
as  an  oxidant,  and  those  in  which  it  i3  catalytioally  decomposed.  A 
brief  outline  of  the  manner  in  which  it  is  presently  believed  these 
steps  occur  nay  be  given  as  follows. 

The  first  otsp  in  the  oxidation  of  substrata  is  usually  a dehy- 
drogenation. In  this  reaotion  an  ensyne,  tamed  a dehydrogenase* 
and  usually  active  with  only  one  spec  if  io  substance  or  clas3  of  sub- 
stances, activates  two  hydrogen  atoms  of  the  substrate  in  such  a way 
that  they  are  anally  transferred  to  an  acceptor  nolecula.  Such  I033 
of  hydrogen  is  equivalent  to  oxidation  of  the  3ub3tratej  for  example , 
lactio  acid,  C3^C2C3CCC3,  nay  be  converted  to  pyruvic  acid,  C3^0C0CC3. 

A number  of  substances  can  act  aa  acceptors  for  the  hydrogen  removed 
from  the  subatraief  frequently  th333  acceptors  are  referred  to  as 
carriers,  ainoe  they  cocup7  a place  in  a chain  of  atep3  through  which 
hydrogen  ia  carried  to  its  final  reaotion  with  oxygen  to  fora  water. 

The  distinction  of  importance  here  ia  whether  the  molecule  which  accepts 
the  hydrogen  from  the  substrate  is  molecular  oxygen  ox  seme  other  sub- 
stance, If  it  is  molecular  oxygen,  the  result  of  the  hydrogen  transfer 
ia  the  formation  of  hydrogen  peroxide  and  the  enryme  catalysing  the 
transfer  is  termed  an  aerobic  dehydrogenase.  The  dehydrogenase  a which 
catalysa  the  transfer  of  hydrogen  to  acceptors  or  carriers  other  than 
molecular  oxygen  are  termed  anaerobic  dehydrogenases. 

Subsequent  steps  in  tha  oxidation  of  the  substrate  may  involve 
decarboxylation,  hydration,  and  further  dehydrogenation.  In  the  decar- 
boxylation a oarboxyl  group  ia  removed  to  form  carbon  dioxide,  this 
action  being  mediated  by  a carboxylase.  The  hydration  step  nay  also 
require  intervention  of  an  ensyne,  a hydrase.  Other  3teps  of  importance 

*fha  terminology  of  ensyme3  ia  still  developing,  and  a consistent 
usage  haa  not  yat  been  established;  certain  of  these  dehydrogenase 3 
may  be  found  to  be  called  oxidases,  fox  example.  The  problem  of 
nomenclature  in  this  field  has  recently  been"  approached,  by  Eoffmanrr 
Ostenhcf  {35?) » According  to  his  scheme  all  the  anxymes  of  interest 
here  are  oxidoreductaeaa. 
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In  thia  chain  of  auoutrrto  degradation  aro  reflated  by  enzymes 
termed  oxidases,  These  enzymes  activate  molcoular  oxygen,  enabl- 
ing it  to  oxidize  specific  substrates  without  any  action  on  tha  part 
of  a dshydrogenaaa  or  of  hydrogen  oarriara,  Watar  is  tha  ranult 
of  oxidasa  notion  and  hydrogen  peroxide  formation  has  not  been 
dsteotod, 

A parallal  to  tha  aotion  of  tha  oxidases  in  found  in  tha 
claa3  of  enzymas  called  peroxidases,  Th33a  enzymes  have  taen  found 
in  plants,  milk,  and  blood  and  activate  hydrogen  peroxide  to  permit 
it  to  taka  part  in  the  oxidation  process.  It  appears  that  tha 
substrates  attached  in  this  fashion  are  certain  phenols  and  aromatic 
aainss.  Thara  ars,  however,  a number  of  biologically  important 
compounds  in  thasa  classes  nhich  do  not  appear  to  be  affected  by 
peroxidase , and  rather  little  is  known  regarding  the  importance  of 
thi3  aotion  of  hydrogen  peroxide  in  the  over-all  oxidation  coheme,  . 
Tha  products  of  the  peroxidase  aotion  are  the  oxidized  substrate 
and  mater j no  molecular  oxygen  is  produced,  Eecoise  of  this 
characteristic , any  atoichiomstrio  reaction  of  hydrogen  peroxide 
proceeding  in  this  manner  and  therefore  not  resulting  in  oxygen 
generation  can  be  referred  to  as* ’peroxidatic* ' , and  the  term  is 
sonatinas  usad  in  non-biolcgioal  systems.  In  textile  treatment,  for 
example,  it  is  desirable  and  economical  for  the  action  of  hydrogen 
peroxide  to  be  peroxidatic,  confined  to  effective  bleaching,  and 
not  masted  through  catalytic  decomposition. 

The  task  of  catalyt ically  decomposing  hydrogen  peroxide  and 
thereby  eliminating  it  can  be  oarried  out  in  biological  3y3tem3  by 
an  enzyna  called  catala3a.  This  enzyme  appears  to  occur  in  all 
plants  and  animals,  sxcepting  only  a few  microorganisms,  and  one 
of  its  purposes  seems  to  be  to  prevent  the  accumulation  of  hydrogen 
peroxids  to  a toxio  level.  Catalase  is  outstandingly  effective  in 
this  process,  being  active  at  very  lov  hydrogen  peroxids  concentra- 
tions and  capable  of  carrying  out  the  decomposition  at  a rate  far 
exceeding  that  of  moat  of  the  other  known  oatalyst3.  Thi3  decompos- 
ing aotion  is  sometimes  called  * 'catalatic^*  1 a term  which  is 
intended  to  be  distinguished  from  and  contrasted  with  peroxidatic 
action.  It  is  possible  that  confusion  on  this  score  may  arise  in 
the  future.,  since  it  has  now  been  shown  that  catalase  may  also 


activate  hydrogen  peroxide  to  oxidize  oortnin  alcohols  to  oldehydeo. 
Thla  has  been  referred  to  ac  a couplod  oxidation  ao  well  aa  peroxi- 
datlo  action.  The  lnportance  of  this  function  of  catalase  ia  not  yet 
eatabliahed,  but  some  investigators  are  of  the  opinion  that  it  may  bs 
of  equal  or  greater  significance  than  the  essentially  wasteful,  oata- 
lytio  scavenging  action  of  the  ensyms. 

The  processes  outlined  above  and  others  assooiatad  with  them 
are  discussed  in  detail  by  standard  courses,  for  example,  the  taxtoooi 
by  West  and  Todd  (353) , or  the  reports  on  respiratory  easyaaa  edited 
by  Lardy  (359)#  ^rca  the  standpoint  of  studying  the  r3le  of  hydrogen 
peroxide  there  are  two  aspects  which  limit  the  material  available  and 
the  interest  in  it.  Hydrogen  peroxide  ia  a simple  structure,  univers- 
ally encountered  in  biological  systsaaj  this  robs  it  of  intersst  as  a 
unique  aatabolita  playing  a special  part  in  cell  chemistry.  At  the 
oaae  tins  it  is  questioned  Aether  the  r^la  of  hydrogen  peroxide  is 
really  a vital  one,  that  is,  whether  it  i3  involved  a3  a lizCc  ia  the 
aain  current  of  steps  ia  biological  oxidation.  Uo  decision  about  this 
appears  possible  now,  but  a discussion  {3^0)  of  it  has  brought  cut  the 
fact  that  the  aain  current  of  sweats  nay  be  surrounded  by  a protective 
system  of  chocSs  and  balances  which  permit  the  vital  steps  to  be  car- 
ried out  without  interruption^  hydrogen  peroxide  nay  play  a part  ia 
both  the  nain  and  subsidiary  functions.  It  should  also  be  pointed 
out  that  the  questions  regarding  the  formation  and  reaction  of  hydrogen 
peroxide  in  biological  oxidation  were  of  considerable  importance  ia 
much  earlier  investigation  and  theory  which  preceded  the  establishment 
of  the  cohere  outlined  above.  Outstanding  ia  this  earlier  mori  were 
the  contradictory  theories  of  Marburg  and  Uieland.  Warburg  proosedsd 
through  the  development  of  the  concept  of  oxygen  aotivation,  visualis- 
ing reaotion  of  molecular  oxygen  and  enayas-bound  iron  as  the  primary 
act  in  respiration.  This  viewpoint,  best  appreciated  from  a booh  of 
Warburg's  (361) , preoludea  the  formation  of  hydrogen  peroxide  through 
acceptance  of  hydrogen  by  oxygen.  The  opposing  theory  built  up  by 
Wloland  emphasizes  the  activation  of  hydrogen  and  consequently  the 
formation  of  hydrogen  peroxide  through  action  of  oxygen  33  an  acceptor. 
This  theory  emphasising  the  dehydrogenation  has  also  been  treated  ia 
a booh  by  its  author  (362).  The  current  opinion  provides  a role  for 
both  hinds  of  notion  in  biological  oxidation.  These  and  other  earlier 
theories  of  oxidation  are  reviewed  by  Cppenheiner  and  Stem  (303). 
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It  ta  worth  noting  that  much  of  tho  thinking  about  biologlaal  oxi- 
dation haa  been  developed  with  reference  to  a number  of  1 'model 
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reactions,  that  i3,  In  vitro  systems  having  one  or  more  propor- 
tiea  similar  to  that  believed  to  be  possessed  by  a living  system, 
e.g. . iron  present  and  oapable  of  catalyzing  a reaotion  of  a typt 
considered  to  occur  in  an  organism.  Such  comparisons  have  been 
useful  in  griding  and  developing  biological  invest igat ion,  but  oan- 
not  be  depended  on  completely,  7or  example,  Ea&ia  (354-)  in  1911 
pointed  out  on  the  one  hand  that  hydrogen  peroxide  alone  among  the 
oxidising  agents  was  oapable  of  bringing  about  the  same  types  of 
reactions  controlled  by  enzymes  and  that  this  suggested  a rdla  for 
it  in  biological  systems.  On  the  other  hand  Dahin  cautioned  against 
acceptance  too  readily  of  the  idea  that  catalase  might  also  partici- 
pate in  the  oxidation  schema,  ds  mentioned  in  the  discussion  above, 
this  old  idea  ha3  only  recently  reoeived  additional  experimental 
support  warranting  further  consideration. 

The  Mature  of  Hemoorotein  Enzymes 

The  structure  of  the  ensymes  which  are  of  concern  in  the  bio- 
chemical reaction  or  decomposition  of  hydrogen  peroxide  is  relatively 
wall  understood  and  provides  considerable  insight  into  their  node  of 
action.  Useful  introductions  to  the  nature  of  all  enzymes  have  been 
presented  by  Sumner  and  Somers  (365)  and  Laidler  (366).  However,  for 
the  purpose  of  understanding  the  interactions  of  hydrogen  peroxide 
with  enzymes,  only  a fee  of  the  essentials  and  nomenclature  dsiling 
with  a group  of  ensymes  and  related  compounds  Xnoun  as  hsmopsoteiaa. 
nsed  be  discussed.  Catalase  and  peroxidase  are  the  enzymes  of  chief 
concern.  These  are  made  up  of  a protein  bearing  an  active,  or  pro- 
sthetic group  typified  a3  an  iron  protoporphyrin.  These  enzymes  ars 
closely  similar  to  the  oxygen-carrying  component  of  the  red  blood 
cell 3,  hemoglobin,  aid  the  related  oxygen-storing  constituent  of 
muscle,  myoglobin.  There  is  less  comparison  of  these  su'03tanoes  with 
some  enzymes,  i the  proteolytic  enzymes  of  digestion,  nhioh , 
although  of  coaplioated  protein  structure,  do  not  bear  a heavy  metal 
porphyrin  a3  prosthetic  group  and  frequently  exist  in  the  organism 
in  the  form  of  precursors  requiring  activation  to  become  effective 
as  enzymes. 

Although  broadly  similar,  these  four  hemoproteins  of  interest 


in  resoect 


;o  the  biochemistry  of  hydrogen  peroxide,  catalase 


i 


peroxidase,  hemoglobin,  and  myoglobin,  diffor  significantly  from  one 
another,  thus  account ing  .for  their  different  actions  with  hydrogen  per- 
oxide either  in  the  organism  or  under  experimental  conditions.  These 
differences  are  found  in  the  molecular  weight,  in  the  relative  propor- 
tions of  the  constituent  amino  acids  making  up  the  protein  part  of 
the  molecule,  and  in  the  number  cad  accessibility  of  the  iron  protopor- 
phyrin groups  attached  to  the  protein.  These  differences  are  disoueaed 
in  detail  by  George  (367) j of  special  importance  is  the  fact  that 
oatalaae  and  hemoglobin  carry  four  protoporphyrin  groups  par  molecule, 
uherea3  peroxidase  and  myoglobin  carry  only  one. 

The  structural  formula  of  the  iron  protoporphyrin  termed  heme  is 
sho^n  as  follows: 


H 


This  structure  is  related  (363)  to  that  of  chlorophyll,  in  which  the 
coordinated  metal  is  magnesium,  and  also  to  that  of  the  phthalocyaninss. 
As  indicated,  the  central  iron  atom  lies  in  the  plane  of  ths  l6  member 
porphyrin  ring,  and  i3  held  to  the  pyrrole  nitrogen  atoms  by  four  of 
the  six  available  valences,  leaving  two  to  complete  the  ootahedrai 
complex,  these  being  above  and  below  the  plana  of  the  page  in  the  modal 
indicated  above.  In  addition  there  must  be  considered  the  oxidation 
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state  of  tho  ironj  whoa  it  is  in  the  ferrous  atate  aa  pictured, 
tha  protoporphyrin  is  termed  heme,  or  more  clearly  ferrohema. 

When  tha  iron  ia  in  tha  ferric  state  tha  porphyrin  ia  termed 
forrihoaa  or  mora  specifically  hamin  or  &ematin  if  it  ia  wished 
to  designate  specifically  a coordinated  anion  present.  With  hams 
in  fraa  solution,  not  bound  to  any  protein,  it  is  presumed  that 
two  water  raolooules  are  coordinated  in  the  fifth  and  sixth  valence 
positions  of  the-  iron,  George  (367)  represents  this  ferroherae  as! 

Upon  oxidation  this  becomes  HgO'yep’HgO  with  one 
positive  charge,  ?hi3  ferrihema  may  coordinate  chloride  ion  thU3j 
HgQ»7op»Gl,  and  it  ie  then  termed  hernia?  with  hydroxyl  ion  coor- 
dinated! 3^0 9 7 03,  th3  ferrihema  i3  hematin,  although  these 

tama  nay  be  used  less  specifically  only  to  indicate  the  presenoe 
of  ferric  iron.  Other  molecule.3  may  be  coordinated  a3  well,  the 
instance  of  hydrogen  peroxide  being,  of  course,  of  particular 
interest,  Coordination  of  nitrogenous  bases,  a,1?, , pyridine, 
with  fsrrohomw  occurs  readily,  giving  hemochromogens,  3*72^ Of 
such  a combination  with  ferrihema,  3 *73^*3,  i3  termed  parahematin. 
When  cuch  an  iron  protoporphyrin  is  attached  to  a spcoifio 
protein,  tha  ensyaa  proper  i3  formed.  The  mode  of  attachment 
appears  to  be  through  one  of  the  iron  valencies  and  additionally 


through  interaction  of  the  protein  with  the  two  prop-ionic  acid 
groups  of  the  protoporphyrin.  In  the  ca33  of  catalase,  four  for- 
riheme  or  hemin  groups  are  attached  to  a protein  molecule  of  such 
aise  that  tha  total  iron  content  is  about  0,1^  by  weight  7e  (369). 
Catalase  from  different  sources  or  species,  o,r, . bacterial,  liver, 
or  red  bleed  cells,  may  show  different  activities.  The  source 
of  these  differences  is  not  yet  entirely  clear,  tut  it  may  involve 
differences  in  aooassibility  of  the  hemin  groups  or  the  replacement 
of  one  or  more  hemin  groups  by  biliverdin,  an  open  ring  derivative 
of  heme  (3?0),  The  ferriheaes  of  catalase  are  not  easily  xeduoed 
to  farrohemej  in  faot  it  is  only  recently  that  it  has  been  found 
possible  to  do  this  without  destruction  of  the  enayme.  The 
ensyme  peroxidase  i3  similarly  formed  by  linkage  of  ferrihema  to 
a protein,  A very  apparent  difference  lies  in  the  fact  that  only 


one  ferrihema  group  ia  present 
ia  also  smaller  and  possesses 


per  molecule, 
the  property  of 


The  protein  molecule 
combining  with  a 
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manganese  protoporphyrin  without  loss  of  pcroxidatic  activity,  Peroxi- 
dase ia  further  distinguished  by  being  leao  susceptible  to  inaotivatioa 
| by  heat  than  catalase. 

The  heaoprotain  enzymes  catalase  and  peroxidase  are  often  oooparsd 
f with  hemoglobin  andmysglobin  in  regard  to  behavior  toward  hydrogen  per- 
oxide, Although  such  study  is  Instructive,  it  is  not  clear  that  the 
Interaction  of  hemoglobin  or  raycglobin  with  hydrogen  peroxide  in  the 
organism  is  ordinarily  significant.  Those  two  substances  are  formed 
through  the  union  of  a protein  termed  globin  with  the  reduced  iron  pro- 
toporphyrin, ferrohame  (370),  Hemoglobin  bears  four  farrohece  groups 
andjrjpglobin  bears  one  par  molecule.  The  important  physiological  func- 
tion of  these  substances  is  to  coordinate  molecular  oxygen.  In  this  way 
hemoglobin  functions  a3  the  agent  for  transporting  oxygen  from  ths  lunge 
to  the  tissues.  This  may  be  represented  in  the  following  way: 

Gb*  7^.320  + 02  * Gb.  73p.02  + HgQ  (*f2) 

Hemoglobin  Oxyhemoglobin 

The  ferrohame  of  both  hemoglobin  and  myoglobin  can  be  oxidised  to  fexri- 
heme,  for  example  by  peroxides,  to  give  methemoglobin  and  metmyoglobin, 
respectively.  Both  of  these  substances,  but  not  their  reduced  forms, 
possess  the  property  of  decomposing  and  directing  peroxldatic  activity 
of  hydrogen  peroxide  to  a small  degree, 

?hi3  brief  introduction  does  not  exhaust  the  list  of  hemoprotein3. 
Other  enzymes,  such  as  certain  of  the  oxidases  and  those  termed  cytochromes 
appear  to  have  similar  or  related  structures,  but  they  have  not  yet 
been  as  well  characterized,  and  few  studies  of  their  interaction  with 
hydrogen  peroxide  have  been  cade.  The  matter  to  be  emphasized  by  this 
description  of  hemoprotsin  structure  is  the  possibility  which  exists 
for  hydrogen  peroxide  to  occupy  one  of  the  coordination  positions  on 
the  oentral  iron  atom  of  the  iron  protoporphyrin  group.  As  Rawlinson 
(g7l)  pointed  out,  the  iron  atom  in  these  hemopxoteins  has  been  demon- 
strated to  be  the  side  of  activity,  the  protein  and  protoporphyrin  ' 
parts  of  the  molecule  performing  the  function  of  conditioning  the  iron 
to  play  this  role,  frequently  in  highly  specific  fashion,  in  a medium 
where  simpler  iron  compounds  would  be  totally  inert  or  unspecific. 

It  is  this  union  of  hydrogen  peroxide  with  the  iron  which  activates 


the  hydrogen  peroxide,  making  it  uuucoptiblo  to  docompou ition  or 
raaotlon  with  other  moleouloa,  Tho  problem  of  understanding  the 
mechanism  of  hydrogen  paroxide-onzyraa  react iona  13  thu3  largely  one 
of  elucidating  the  natura  and  fata  of  these  complexes.  These 
prooaaaas  nay  ba  oomparad  with  thoaa  occurring  with  othar  substances 
whioh  join  with  enzymes,  e .q. , carbon  monoxide,  and  especially  othar 
oxygen  compounds  related  to  hydrogen  peroxide,  moleoular  oxygen, 
hydroxyl  ion,  and  water. 

Reactions  with  Hemoorotains 

In  living  systems  the  source  of  hydrogen  peroxide  is  the  re- 
duotion  of  moleoular  oxygen  by  aerobic  dehydrogenases , An  early 
reliable  study  which  established  this  wa3  by  Thurlov  (372),  and 
more  recent  work  by  Keilin  and  Hartres  (37 3)  and  Senten  and 
liana  (37'J-)  has  extended  cur  understanding  of  biological  formation. 

Of  particular  interest  is  the  isotopic  tracer  study  on  glucose 
oxidase  (in  fact  a dehydrogenase)  made  b7  Bentley  and  Heuberger  (IO3). 
This  enzyme  has  received  particular  attention  in  regard  to  hydro- 
gen peroxide  formation  (see  Chapter  2),  and  this  tracer  work  estab- 
lishes that  the  oxygen  in  the  hydrogen  peroxide  formed  is  derived 
solely  from  molecular  oxygen  and  does  not  exchange  with  solvent 
water.-  Once  formed  in  a living  system  hydrogen  peroxide  reacts  or 
decomposes,  and  Chanc3  (375)  estimated  that  the  steady  state  con- 


centration of  hydrogen  peroxide  maintained  in  this  way  in  liver  i3  a 
few  micromolax.  Considering  that  thi3  minute  concentration  exists 
in  the  near-neutral  pH  of  the  tissue  fluids,  it  must  be  concluded 
that  the  hydrogen  peroxide  is  virtually  undissociated  and  must 
react  initially  in  this  fora. 

One  approach  to  the  problem  of  establishing  the  nature  of  the 
interactions  of  hydrogen  peroxide  and  hemoproteins  lies  in  the  study 
of  the  free  iron  protoporphyrin  group  in  one  or  another  of  its 
oxidation  states  or  complexes.  This  approach  ha3  been  taken,  for 
example,  by  Haurovitz  (376)  and  Kikuohi  (377)  and  the  facts  hav8 
been  reviewed  by  Hauxowitz  (3?S)  and  George  (3 67).  It  is  found 
that  free  hematin,  HgO'Rep.OH,  forms  a complex  which  may  be 
represented  as  HpOg'Fe^OHi  whereas  heme,  H?0*?3p*Hp0,  does  not 
form  such  a complex.  Similarly  the  parahematins  react  with  hydro - 
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pyridine  parahematin,  (Py» 7o^ . Py)+01  , can  be  subotitutcd  uucceosivcly 
with  one  and  then  two  hydrogen  peroxide  molecuIe3j  with  tha  homochrorao- 
gons  attack  on  the  porphyrin  occurs. 

The  complexes  formed  by  hydrogen  peroxide  with  the  hemoprotsina 
have  been  studied  more  extensively,  at  first  by  visual  opeotroscopy  and 
more  recently  by  special  rapid  spectrophotoaetric  techniques.  All 
these  complexes  are  so  labile  that  they  have  not  been  isolated,  Eoth 
peroxidase  and  catalase  have  been  found  to  fora  three  complexes* 
methemoglobin  and  mstmy^lobin  form  only  one  complex.  These  are  dis- 
tinguishable acoording  to  their  colors,  and  both  Chance  (375)  and 
George  (36?)  have  described  the  differences  in  their  reviews  of  this 
subject.  Chance  characterises  these  complexes  a3  primary,  secondary, 
eto,,  acoording  to  the  character  of  their  spectra.  It  is  certain  of 
these  complexes  which  talcs  part  in  the  enzymic  action,  and  much  effort 
has  been  devoted  to  understanding  their  respective  roles.  Chance  (373) 
has  pointed  out  that  primary  complexes  occur  only  with  the  onaymically 
active  heaoproteins  and  not  with  the  catalyticelly  inactive  hemoglobin 
and  myoglobin.  There  axe  al30  differences  in  the  equilibrium  constants 
of  formation  and  dissociation  fox  tha  two  types  of  complexeo.  Also 
related  to  the  mechanism  of  catalysis  by  these  ensymes  is  the  fact  that 
the  primary  complexes  are,  relatively  speaking,  stable  in  the  absence 
of  excess  hydrogen  peroxide.  This  permits  titration  of  the  hemoproteins 
with  hydrogen  peroxide  by  special  techniques,  and  such  studies  have  shown 
that  one  hydrogen  peroxide  molecule  is  bound  per  iron  atom.  The  course 
of  these  reactions  and  the  form  of  the  resulting  complexes  is  not  yet 
certain.  Chance  (375)  and  George  (367)  point  out  the  effects  of  pH 
and  foreign  ion3  on  the  process  and  discuss  soma  of  the  possibilities. 

For  example,  it  is  not  clear  in  each  case  whether  the  hydrogen  peroxide 
exists  in  the  complex  a3  the  undissociated  molecule  or  as  the  perhydrox- 
yl  ion,  OgH  , Thus,  three  pathways  to  complex  formation  with  the  hsmo- 
protain  may  be  visualised* 

Fep.HgO  f HgOg  = Fep.HgOg  * HgO  (^3) 

Fep.OH  * H202  =»  Fep.00H  * HgO  (44) 

Fep.HgO  f H2Q2  =*  7^.003“  + H*  h HgO  (45) 


Chance  suggests  that  the  enzymically  active  complex  may  be  the  one 
with  the  pexhydroxyl  ion. 

Whatever  the  form  of  the  active  complex,  it  appears  that  the 
course  of  it 3 reaction  with  a substrate  ooours  according  to  the  fol- 
lowing steps! 


Enzyme  4 HgOg  = Enzyme. HgOg  (46) 

Enzyme *HgOg  + Substrate  = Enzyme  jr  Products  (47) 


In  this  simplified  viewpoint  all  the  enzymic  actions  are  peroxi- 
datic,  the  oatalatic  action  being  a special  case  in  which  a second 
molecule  of  hydrogen  peroxide  i3  the  substrata. 

Peroxidatio  Enzyme  Action 

The  action  of  peroxidase  was  first  observed  in  I063  by 
Schdnbein  (379) » and  the  enzyme  was  named  by  Linossier  (3SO)  in 
1393.  It  oocurs  widely  in  plant  tissues  as  well  as  in  mili  and 
blood,  but  its  presence  in  most  animal  ti33ues  is  not  yet  certain 
although  evidence  for  it~has  been  advanced.  Besides  activating 
hydrogen  peroxide,  peroxidase  can  also  function  with  certain  other 
peroxides.  The  r3le  of  peroxidase  in  biological  processes  has  not 
yet  been  established  with  certainty,  but  considerable  research  ha3 
been  devoted  to  determining  the  nature  of  its  notions  and  an  indica- 
tion of  the  scope  of  thi3  work  may  be  given  here.  Elliot  (p3l) 
investigated  in  1932  the  reaction  with  hydrogen  peroxide  catalyzed 
by  peroxidase  and  listed  tryptophan,  tyrosine,  a number  of  phenols 
(but  not  resorcinol),  several  diamines,  nitrite,  and  iodide  as 
undergoing  reaction.  Some  of  these,  e.g. . iodids  (332),  had  been 
previously  studied,  but  the  work  included  considerable  controversy. 
Hore  recently  studies  have  been  made  of  the  peroxidase  action  on 
thiols  (363)  (thiourea  and  dithiouxacil) , ascorbic  acid  (334), 
hetaroauxin  (385),  diphtheria  and  tetanus  toxins  (3 36),  aromatic 
amines  (3 37),  manganese  compounds  (333) , and  amino  acids  and 
proteins  (339).  Host  of  the  work  reported  in  these  sources  has 
been  aimed  at  determining  the  biological  significance  of  peroxi- 
dase. For  example,  Randall  (363)  reviews  suggestions  that  it 
may  participate  in  thyroxine  synthesis,  and  Ken tea  and  Hann  (go B) 
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have  given  evidence  for  a r6lo  in  the  function  of  manganese  ua  on  eacen- 
tlal  mloronutrient  of  planto.  The  work  of  3izer  (3&9)  haa  addodoyatina 
of  amino  aoida  aotad  upon  and  has  demonstrated  ths  high 
dagree  of  oaleotivity  of  peroxidase  notion  on  the  biologioal  activity 
of  suoh  proteins  as  hormones,  toxins,  antibodies,  enaymas,  fibrinogen, 
casein,  and  globulin.  It  was  suggested  that  peroxidase  may  exert  a 
regulatory  action  on  euoh  proteins.  Balia  and  Hale  (390)  hava  shown 
that  peroxidatio  action  is  responsible  for  the  annoy Id^  formation  of 
brown  pigment  on  freshly  out  apple  surfaces  and  have  disou33ed  maane 
for  suppressing  this  action. 

Tha  enayoe  oatalasa  al30  exerts  peroxidatio  action,  although  its 
outstanding  capacity  as  a decomposition  catalyst  had  long  obsoured  and 
diverted  interest  from  this  property.  According  to  tha  oohaa#  of 
reactions  (45)  and  (4?),  this  peroxidatio  action  is  quits  understand- 
able, but  there  remain  marked  differences  in  the  character  of  the 
peroxidatio  actions  of  catalase  and  peroxidase.  In  the  studies  of  this 
action  of  catalase  (373)  it  has  bean  observed  to  depend  on  a continuous 
supply  of  hydrogen  peroxide,  ouch  as  generated  by  a dehydrogenase. 

There  are  also  differences  in  substrata  specificity.  Catalase  exerts 
peroxidase  activity  on  primary  and  secondary  alcohols  and  on  nitrite. 

The  rate  of  such,  reaction  haa  been  shorn  (391)  to  vary  tilth  alcohol 
chain  length.  Peroxidase,  on  the  other  hand,  reacts  with  a wide  variety 
of  substances,  a3  noted  above,  Thus  there  seems  to  be  no  group  for 
which  peroxidase  i3  specific,  whereas  catalase  in  all  its  reactions 
reacts  only  with  the  hydroxyl  group  as  in  FjOHCH,  HHO (03)21  0T  ^2°2’ 
substitution  of  the  hydrogen  prevents  catalase  action.  Thus  the  cata- 
lase-hydrogen peroxide  complex  can  react  with  hydrogen  peroxide  or  an 
alkyl  hydroperoxide,  but  not  with  a disubstituted  hydrogen  peroxide  (375). 
There  are  also  differences  in  the  kinetic  order  of  the  peroxidatio  action 
of  catalase  and  peroxidase.  Chance  (375)  suggests  that  small  concentra- 
tions of  hydrogen  peroxide  may  be  regularly  disposed  of  b7  the  peroxidatio 
action  of  catalase  and  larger  concentrations  may  bring  into  pla7  tha 
catalatio  action.  It  has  also  been  found  (29?)  that  when  both  catalase 
and  peroxidase  are  present  in  a plant  extract  the  catalatio  action  ie 
suppressed  until  substrate  oxidation  is  complete.  It  has  also  been 
pointed  out  that  peroxidase  i3  primarily  a plant  enzyme,  catalase  an 
animal  enzyme,  and  the  primary  roles  of  the  two  enzymes  may  be  similar 
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in  the  two  klngdomu.  Othor  substances,  o , g . t oertalr.  aldo- 
hydoo  (393)|  carotene  (394) , and  ascorbic  acid  (395)  1 4avo  been 
reported  to  exhibit  peroxidase-like  activity. 


Physiological  Action  of  Hydrogen  Peroxide 


A substantial  amount  of  no rk  has  been  conducted  with  the  aim 


of  learning  the  effects  of  hydrogen  peroxide  on  biologically  sig- 
nificant substances  or  preoeasas.  These  studies  vary  consider- 
ably in  thoroughness  and  method  of  approaoh.  Soma  are  frankly 
model  systems  with  the  advantage  of  clearly  specified  conditions, 
but  sometimes  of  doubtful  pertinence  to  living  systems.  Others 
are  based  on  organic  substances  or  in  vivo  studies,  being  more 
realistic,  but  uncertain  in  regard  to  tha  influence  of  aide- 
reactions  and  enayraa,  Colonies  of  bacteria  are  frequently  choean 
for  such  studies  and  in  ouch  a system  uncertainties  may  be  intro- 
duced by  the  variation  in  hydrogen  peroxide  concentration  during 
different  growth  stages,  caused  by  differences  in  the  partial 
pressure  of  oxygen  present  (3 96) , or  influenced  by  a growth 
faotor  (337). 

The  notion  of  hydrogen  peroxide  on  a number  of  typical  carbo- 
hydrates was  studied  by  Payne  and  Foster  (393).  The  products  were 
oxygen,  hydrogen,  carbon  dioxide,  carbon  monoxide,  formic  and  other 
aoid3,  and  aldehydes.  The  hydrogen,  derived  from  formaldehyde, 
was  a characteristic  product,  Pectic  3ub stances,  other  polysacchar- 
ides, and  glycosides  ar3  al30  degenerated  by  hydrogen  peroxide  (399). 
These  processes  are  affected  by  the  presence  of  alkali  (400) , iron 
and  copper  (401),  and  asoorbio  acid  (402).  A study  (403)  °* 
various  sugars  as  bacterial  nutrients  showed  them  to  vary  in 
their  influence  on  hydrogen  peroxide  formation.  The  related  sub- 
stances, riboflavin  (404)  and  streptomycin  (405)  ala0  influence 
formation  of  or  are  affected  by  hydrogen  peroxide. 

The  effect  of  hydrogen  peroxide  on  fats  has  been  little 
studied  from  the  standpoint  of  biological  processes.  Fata  and 
oils  are  relatively  resistant  and  most  studies  (40o)  have  been 


carried  out  with  concentrated  hydrogen  peroxide  or  in  the  presence 


of  heavy  metal  catalysts. 

The  most  extensive  studies  of  the  effects  of  hydrogen  peroxide 


on  substances  of  biological  interest  have  been  made  with  proteins, 
The  nature  of  such  effects  can  vary  cons idsrably , Mora  or  less 
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drastic  treatment  »ith  hydrogen  peroxide  on  albumin,  golatin,  or  tiouuo 
attracts  can  produce  coma  aggregation  (407),  galation  (402),  or  even 
dagradation  to  ammonia,  katones,  and  aldehydes  (409) . Leas  drastic 
traatment  produoa3  more  subtle  effect  a suggastiva  of  actual  pbysiologi- 
cal  action.  Studies  of  this  kind  hava  baan  nada  of  affects  on  fibrin 
and  fibrinogen  (4l0)(tha  blood  clot  foraar),  and  globulin  (4ll)  (of 
importance  in  iamuna  raa0*  ions) , and  myosin  (422) (a  muscle  protain 
required  for  contraction);  tha  studies  of  parortidaaa  notions  on  pro- 
teins by  3isar  (329)  ara  also  of  interact  here.  A certain  dagraa  of 
spacificity  appears  to  exist  at  this  laval  of  react ionf  for  example, 
it  has  bean  obsarvad  (413 ) traataant  of  case  in  vith  hydrogan  par- 

oxida  dapri7as  it  of  tha  food  valua  only  of  tha  naihionina  and  trypto- 
phan contained,  ?has3  protein  reactions  appear  to  ba  of  particular 
inportanoa  in  relation  to  0037:53 a,  many  of  nhich  ara  affected.  Studios 


of  opara  survival  (4l4) , snaka  venom  attenuation  (42p),  interaadiatas 
in  nitrogen  fixation  prcceseaj  (4l£) , and  inactivation  of  bacterial  nrd 
yaast  dehydroganasa  (417,  413),  of  papain  (423  , 4l9) , of  phosphatase 
(420) , and  of  fig  protease  (421)  as  affactad  b7  hydrogen  peroaide  hava 
baan  recorded.  In  most  casas  (not  including  urease  and  hexokisaaa  (4l3)) 
thera  i3  intarfsrence  aith  ensyna  activity,  and  it  is  interesting  in 
thi3  xaspact  to  nota  a report  (422)  of  tha  stimulation  of  catalasa  forma- 
tion in  a mold  on  treatment  oith  hydrogen  paroxida.  Other  protein 
materials  uhich  are  deteriorated  b7  hydrogen  parotids  are  hormones  of 
the  hypophysis  (42g)  and  red  blood  cells,  ?hi3  latter  hemoly3i3  of  ery- 
throcytes ha3  bean  long  knomj  only  racently  has  it  been  observed  (424) 
that  a-tocopharol , or  vitamin  3,  baa  a significant  affect  on  thi3  process. 

Of  particular  intarast  in  raspset  to  tha  interactions  of  hydrogen 
paroxida  and  protaina  is  considaration  of  tha  sf facts  on  hair,  wool 
«*nd  skin.  All  these  substances  axa  composed  of  protain  matarials, 
which  although  of  varying  amino  acid  composition,  ars  quits  similar,1 
On  tha  nhols  it  must  ba  said  that  thasa  sub3tancas  ara  relatively 
rasistant  to  hydrogen  paroxida,  permitting  its  controlled  use,  as  for 
bleaching  of  wool  and  hair  ox  in  tha  oxidation  of  previously  applied 
dyas.  Attack  of  thasa  3ub3tanca3  navaxthalass  doas  occur  and  tha 
savarity  i3  dependant  on  t ima  of  contact,  tamparatura,  cone ant rat ion, 
pH,  and  presence  of  heavy  metal  ions.  It  is  apparent  that  tha  part  of 
thssa  o rot  a ins  most  suscaot ibla  to  reaction  with  hvdremen  ooroxide  is 


the  dioulfLdo  bond,  H3SR,  carried  by  tho  amino  aoid,  cyotine. 

This  faot  assumes  particular  importance  booauae  tha  structure  of  oys- 
tlno  endows  it  with  a special  rol8  in  cross  linking  tha  long  chain 
amino  aoid  polymers  which  make  up  tha  protain,  Attack  at  othar 
bonds,  ouoh  a3  that  batwaen  carbon  and  nitrogan  in  tha  paptida 
link,  RC03HH,  or  at  oalt  or  oatar  linkages,  appears  also  to  oocur, 
but  this  is  lass  vigorous  and  haa  raceivsd  lass  study,  Attantion 
ha3  baan  diractad  chiefly  toward  invaatigat ion  of  wool,  and  tha 
chamical  and  physical  rs3ult3  of  hydrogan  paroxida  treatment  undar 
diffsrant  conditions  have  been  d33cribed  (425,  42 6),  Practioal  con- 
siderations of  ouoh  trsatment  axa  diccu3S3d  in  Chapter  11,  The 
widespread  cooaatic  uaa  of  hydrogan  peroxide  makaa  its  notion  on 
human  hair  of  spsoinl  interest.  Hare  again  tha  attack  is  esntarad 
on  cystine,  baing  372n  norj  intansa  if  anything,  sines  human  hair 
is  outstandingly  rich  in  this  amino  aoid,  Stores  (427)  ha3 
prasentad  expaxinantal  work  and  a raviea  on  this  subject,  pointing 
out  tha  many-fold  increase  in  savarity  of  attack  by  hydrogan  parox- 
ida  as  pH  ia  incraaoed  and  how  thi3  impairs  tha  oatting  propart ias 
of  tbs  hair,  3t9703  rsprssantad  tha  disulfide  attack  as  producing 
223  and  E203  groups,  and  C-offart  (433)  reported  hydrogen  paroxida 
to  conbina  roTsxsihly  with  oulfhydryl  groups  formed  in  tha  skin* 

"nihh  and  Harris  (426)  had  earlier  suggested  steps  of  oxygen  addi- 
tion as  in  32033,  :i303Cd,  IHQ^SOA,  etc.  Attack  of  the  hair  is 
catalysed  by  certain  metals,  3uch  a3  may  remain  from  previous  treat- 
ment, dyaing,  Uslaart  (429)-  ha3  reported  charring  of  tha 

hair  and  scalp  burns  caused  by  application  of  hydrogen  paroxida 
in  tha  prssancs  of  coppar.  On  tha  other  hand,  whan  hydrogen  paroxida 
ia  U3ad  to  oxidisa  hair  dyes,  thara  is  little  damaga  to  tha  hair 
ainca  the  6733  ara  prefarant ially  attacked  (427), 

Tha  use  of  hydrogan  paroxida  to  bleach  the  hair  ia  concerned 
with  the  dacolorisation  of  tha  pigment,  malanin.  lialanin  is  a 
high  molecular  weight  dariuativa  0?  tyro3ina,  and  it  nay  ba  of 
significance  in  regard  to  tha  suparior  eff aot ivensas  of  hydrogan 
paroxida  in  bleaching  melanin  that  tyxosina  haa  baan  shorn  to  ba  ona 
0?  tha  fax  amino  acids  readily  attacked  by  hydrogen  paroxida,  Tha 
failure  of  a parallel  bleaching  of  the  melanin  in  skin  to  occur 


to  the  deeper  layer  of  akin  containing  the  pigment.  Along  with  tha 
bloaching  of  the  hair,  thara  is  of  course  a cartain  amount  of  naak- 
oning  and  deterioration  aa  discussed  abovsj  othar  poaaibla  contribut- 
ing factors,  3uch  aa  notion  on  natural  oila  or  plasticising  fraotion3 
of  tha  hair  appsar  not  to  hava  bean  otudiod. 

Tha  cxparimantar  caldca  notioaa  significant  af facta  of  hydrogen 
paroxida  on  tasta  and  small , Aa  with  water  thara  ia  no  flavor  appar- 
ent , hovavar,  hydrogen  paroxida  doas  induca  a sensation  of  astringancy, 
somotin33  described  as  * 'metallic. 5 1 An  effervescence  similar  to  that 
of  soda  cater  occurs  as  tha  hydrogen  paroxida  dacoapooas,  giving  a 
prickling  sensation.  At  high  concentration  all  th333  affects  ia  tha 
south  ara  heightened  to  tha  point  of  paiafulness,  to  oey  nothing  of 
tha  hazard  of  burns,  and  such  contact,  as  in  tha  usa  of  a plpatta,  is 
to  ba  avoided,  Ths  prolonged  usa  of  lowar  cone ant rat  ions  in  tha  mouth 
for  nadicinal  purposes  nay  lead  to  a condition  of  the  tongue  described 
as  J,hair7|M  foxtunataly  thi3  is  revarsibla  and  shortly  disappears. 

It  i3  difficult  to  characterisa  tha  omell  of  hydrogen  paroxida.  In 
fa3t,  it  is  probably  to  ba  quastionad  whether  it  affacts  tha  olfactory 
calls  or  marely  stimulates  tha  general  narvas  of  tha  nasal  mucous  maa- 
brana.  Gone ant rated  hydrogen  paroxida  manifasts  littla  odor  unless 
occasion  is  deliberately  taken  to  inhale  near  tha  surface  of  tha  liquid 
in  a container  or  unless  it  should  ba  spilled  extensively.  The  sensa- 
tion parcelled  i3  then  reminiscent  of  ozone  or  of  tha  halogens.  Tha 
lattar  case  i3  of  intarest  in  resoact  to  tha  chemical  characterisation 
of  hydrogen  paroxida  as  a psaudohalogan.  If  circua3tancas  ari33  to 
causa  tha  disparsion  of  considerable  hydrogen  paroxida  in  tha  air,  a3 
in  a mist,  thara  ensuaa  aftar  a snort  tima  con3idarabla  irritation. 
Prolonged  breathing  in  such  an  atmoaphara  induces  gasping  such  as  i3 
encountered  with  ammonia  or  sulfur  dioxida.  This  is  accompanied  by 
a sharp,  burning  sensation  in  tha  nasal  passages  on  inhalation  and 
exhalation. 


Toxicity  Studies 

It  i3  fortunate  that  such  a reactive  substance  as  hydrogen  par- 
oxida basis  a minimal  toxicity  hazard}  as  recounted  in  Chapter  4-,  tha 
outstanding  dangers  to  be  guarded  against  are  spillage  on  the  clothing 
and  the  aossible  resulting  firs,  and  the  cotsntial  da  struct iveness  of 


unc  ont  ro\ 1 


,1  eco m a os  it  io n o f 


U.kJ.  U h i L V. 


As  f a r aa  dire 


05 

chemical 

/effects  are  concornod  the  organiam  to  admirably  adapted  to  with- 
stand treatment  with  hydrogen  peroxide,  the  akin  being  relative  ineifcj.. 


and  the  tiosua  fluid3  having  an  efficient  means  for  decomposing 
hydrogen  peroxida  encountered  internally.  Thera  is  little  or  none 
of  the  denaturation,  solution,  or  charring  encountered  with  other 
primary  irritants.  Thi3  is  not  to  be  taken  to  mean  that  hydrogen 
peroxide  can  be  handled  without  concern,  however,  and  the  principles 
of  safe  handling,  outlined  in  Chapter  4,  should  be  adhered  to 
strictly.  In  thi3  section  the  results  of  some  studies  to  establish 
the  nature  and  limit 3 of  toxic  effects  of  hydrogen  peroxide  will  be 
reported.  Because  such  effects  are  rarely  to  be  encountered  la 
practice,  these  studies  are  based  largely  on  animal  experimentation 
in  the  laboratory.-  An  instance  of  the  occurrence  of  asthma  and 


eczema  among  workers  in  an  Italian  manufacturing  plant,  for  example, 
waa  traced  to  sensitivity  to  ammonium  peroxyoulfata,  and  was  not 
caused  b7  hydrogen  peroxide  (4-30). 

The  toxicity  of  hydrogen  peroxide  to  lower  forms  of  life  i3 
familiar  and  has  been  much  investigated!  references  to  ouch  work 
are  given  in  the  discussion  of  medical  uses  in  Chapter  11.  One 
characteristic  of  interest  is  the  fact  that  a threshold  concentra- 
tion appears  to  exist,  below  which  there  ie  no  effect.  Te3t3  (431) 
on  yea3t  at  p3  5.5  with  peroxyacetic,  peroxyphthallc , and  paroxy- 
maleic  acid3  and  hydrogen  peroxide  showed  each  to  have  a characteris- 
tic threshold,  hydrogen  peroxide  having  the  highest  and  in  addition, 
permitting  the  highest  survival  upon  increasing  concentration  above 
the  threshold,  A similar  effect  was  observed  with  fingerling 
trout  (432),  With  higher  forms  of  life  such  a result  is  also 
observed,  but  the  much  greater  differentiation  of  function  requires 
the  effect  to  be  specified  clearly.  Animal  experiments  have  been 
divided  aooording  to  tests  on  surfaces,  such  as  skin  and  cornea, 
teats  to  show  the  effect  of  breathing  the  vapor  or  an  aerosol,  and 
studies  of  internal  application.  With  rabbits  it  was  observed  (433) 
that  application  of  90  wt hydrogen  peroxide  to  the  shaved  skin 
allowed  absorption  and  caused  death  by  ga3  embolism.  However, 
there  was  a marked  species  variation  in  this  respect.  0at3j  guinea 
pigs,  rats,  pigs,  and  dogs  were  much  less  susceptible  in  this  man- 
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the  site  of  application.  Other  factoro  aro  the  groat.or  susceptibility 
of  the  rabbit  to  embolism  and  differences  In  catalase  oontont  of  tho 
akin.  In  a study  of  the  effect  on  human  okin  the  differences 

between  the  effect  of  90  wt.^  hydrogen  peroxide  on  the  palms  and 
fingertips  and  on  skin  elsewhere  were  described.  On  the  palm3  and 
fingertips  the  keratin  is  thick  and  nerve  endings  abundant.  Here  a 
^fchin  smear  of  concentrated  hydrogen  peroxide  causes  strong  priokling 
and  formation  of  opaqie  white  patches.  Under  the  fingernails  this  is 
exceedingly  painful.  The  whiteness  la  apparently  brought  about  by 
refraction  in  the  gas  formed  by  decomposition  under  the  first  layer 
of  akin  and  retained  by  the  thickness  of  thi3  layer  here.  Hore 
intense  treatment  cay  cause  reddening  and  appearance  of  papula^ 
possibly  followed  by  thickening.  On  other  skin  areas  where  the  kera- 
tin is  thinner,  irritation  occurs,  but  with  leas  itching  and  the 
white  appearance  is  confined  to  a few  areas  at  the  base  of  halr3. 

There  is  no  evidence  of  penetration  deeper  than  the  first  layer  of 
skin,  or  stratum  comeua,  and  all  these  effects  disappear  without 
trace.  More  severe  effects  have  been  observed  on  contact  of  the 
cornea  of  rabbits  with  hydrogen  peroxide  (4JJ,  ^35) • Amounts  near 
one  co.  of  90  wt.  % hydrogen  peroxide  produced  (433)  effects  like 
that  on  skin  which  were  reversible.  Greater  amounts,  near  3 oc,,  pro- 
duced permanent  opacity  of  the  cornea.  These  results  indicate  a real 
need  for  concern  that  any  hydrogen  peroxide  introduced  into  the  eye 
be  promptly  washed  out  with  water.  Tests  of  the  inhalation  toxicity 
of  hydrogen  peroxide  aerosols  have  been  conducted  (^33,  4^6,  ^3?) 
on  mice,  rat3,  dog3,  and  rabbits  and  include  extensive  records  of 
blood  and  urine  analysis  on  dcgs  undergoing  such  exposure  (^3?). 

Such  exposure  causae  burns  of  nose  and  paws,  corneal  damage,  and 
pulmonary  congestion.  The  corneal  damage  in  rats  was  observed  to 
follow  an  insidious  course,  developing  slowly  after  exposure  in  the 
survivors  of  doses  lethal  to  some  animals.  Dogs  showed  chronic  irri- 
tation on  exposure  to  7 ppm. hydrogen  peroxide  for  six  months,  and  it 
was  believed  (437)  that  a concentration  of  4 ppm. could  be  borne  by 
men  for  long  periods  without  effect.  In  these  experiments  tuere  is 
difficulty  in  determining  the  dispersed  concentration,  since  the  hy- 
drogen peroxide  so  readily  condenses  and  decomposes.  The  effects  of 
intravenous  injection  have  been  studied  with  several  species  (433 |432>). 
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In  on bl  **thnl  donna  1Lv»t  on tain  so  nnd  blood  rnothomoglobln  lovolo 
are  nf footed.  Tho  does  of  90  wt,y#  hy dromon  peroxide  found,  lethal 
to  50/^  of  injected  rnboltu  was  0,015  00/kg  body  weight.  It  has 
been  observed  (439)  th  ; t this  decreases  with  dnoreaaing  concentra- 
tion, fl.g.  t to  0,003  c^/kg  for  4-  wt,  %.  The  reason  for  thi3 
increasing  toxicity  of  more  dilute  material  appears  to  be  that 
the  dilute  hydrogen  peroxide  penetrates  the  system  more  deeply 
before  decomposing  and  blocking  circulation.  Concentrated  materi- 
al tends  to  be  more  completely  decomposed  at  the  site  of  injection. 
An  instance  has  been  reported  (440)  of  the  death  of  a person  caused 
by  inadvertant  injection  of  hydrogen  peroxide.  Another  gross 
effect  to  be  observed  on  the  internal  application  of  hydrogen 
peroxide  i3  necrosis  of  muaolea  so  exposed  (44l),  Ingestion  of 
dilute  hydrogen  peroxide  has  been  found  without  affect f more 
concentrated  solutions  causa  irritation  and  bleeding  and  expos- 
ure to  the  danger  of  rupture  from  violent  ga3  evolution. 

There  has  also  been  much  interest  in  the  physiological  ef- 
fects of  hydrogen  peroxide  at  the  molecular  level.  It  has  been 
found  that  hydrogen  peroxide  can  induce  mutation,  and  a number  of 
references  (442)  describe  the  conditions  and  nature  of  this  effect. 
This  ha3  sometimes  been  referred  to  as  a radiomimetic  effeot  and 


is  of  special  interest  in  connection  with  the  formation  of  hydro- 
gen peroxide  in  living  systems  by  ionising  radiation  a3  discussed 
in  Chapter  2,  The  mechanism  of  such  mutagenic  action  has  by  no 
means  been  established  with  certainty,  and  several  viewpoints  and 
opinions  are  of  interest.  The  mutation  processes  are  closely 
related  to  carcinogenesis,  and  it  has  been  pointed  out  by 
Jensen  (Ref.  443,  p . 1 59)  that  there  must  be  distinguished  tumor 
genesis  and  tumor  growth}  factors  of  importance  in  one  may  not  be 
so  in  the  other.  The  mutagenic  action  of  hydrogen  peroxide  al30 
varies  according  to  the  accessibility  of  the  cell  nuclei  to  it 
(Ref.  44‘3,  p,ll6).  Possible  variation  in  catalase  content  through 
out  the  cell  may  likewise  influence  the  process,  Schneider 
(Ref.  359,  p,2'/3)  reports  catalase  to  be  nearly  absent  in  the 
cell  nucleus  and  to  exist  in  soluble  form  in  the  cytoplasm; 
opinions  differ  on  this,  however,  (443).  It  has  nevertheless 
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A logical  Hynthoaia  of  the  facto  that  x-raya  both  affect  tumor a and 
gonerate  hydrogen  peroxide  ia  the  idea  that  hydrogen  peroxide  might 
be  of  benefit  in  treatment  of  cancer.  Teats  of  this  have  been  made 
(Ref.  443,  p.  149,  445)  and  are  continuing,  but  so  far  no  positive 
results  have  been  noted.  It  ia  possible  that  the  peroxide  formed  by 
radiation  ia  an  organic  peroxide  or  hydrogen  peroxide  in  the  fora  of 
an  addition  compound,  and  the  possibility  has  been  suggested  (Ref,  443, 
p.  1^9)  that  these  elude  decomposition  by  catalase.  Much  of  the  cur- 
rent opinion  seems  to  be  inclined  to  the  idea  that  the  effects  of 
radiation  are  to  be  ascribed  to  free  radioala  formed  and  not  to  hydro- 
gen peroxide  aa  such  which  can  also  result  from  interaction  of  these 
free  radicals  (4l3).  Thi3  does  not  alter  the  fact  that  hydrogen  per- 
oxide by  itself  ia  capable  of  causing  mutation  under  suitable  circum- 
stances, but  aa  Cray  (446)  pointed  out,  in  spite  of  the  similarity 
between  thi3  process  and  that  initiated  by  radiation,  It  i3  true  that 
x-rays  break  chromosomes  along  their  entire  length,  whereas  chemical 
action  breaks  them  only  at  one  bond.  The  chain  length  in  processes 
involving  radicals  nay  al30  be  of  importance  (Ref.  443,  p.  159).  Fern 
other  untoward  effects  of  hydrogen  peroxide  at  the  molecular  level 
have  been  suggested  ox  investigated,  A r$le  in  virus  formation  has  been 
reported  (447),  and  it  has  been  suggested  to  play  a part  in  anemia  (443). 
Brain  tissue  has  been  demonstrated  (449)  to  be  readily  poisoned  by  ■ 
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hydrogen  peroxide,  yet  the  inject ion/nydxogen  peroxide  into  the  whites 
of  eggs  did  not  impair  the  development  of  the  embryo  (450) . 
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APPENDIX 

Una  and  Significance  of  Electrode  potent lale 

For  th03a  not  familiar  with  electrode  potentials  the  follow- 
ing brief  exposition  of  thair  U3e  and  signif ioance  with  particular 
reference  to  hydrogen  peroxide  may  be  useful.  By  con7sntioa  (4-) 
these  half-ooll  reactions  are  written  with  tha  electrons  on  tha 
right,  tha  reduced  fora  of  tha  substance  on  tha  laft,  and  tha 
potent iala  ore  counted  above  or  below  that  of  hydrogen,  these  reac- 
tions for  which  tha  raducad  form  i3  a batter  reducing  agant  than 
molecular  hydrogen  baing  given  positiva  values.  The  electrode 
potential  value3  designated  3°  refar  to  the  potential  which  would 
be  observed  in  solutions  containing  reactants  and  products  all  at 
unit  activity.  Gaseous  substances  are  measured  in  atmospheres, 
solutes  in  oolal  units.  Thus  the  values  of  3°  for  reactions  (6) 
and  (10)  could  refer  to  reaction  of  hydrogen  peroxide  at  a con- 
centration of  approximately  one  nolal  and  at  pH  =*  Of  values  of 
for  reactions  (3)  and  (12)  refer  to  p3  =*  1-i. 

Given  a list  of  such  half-cell  reactions  and  their  potentials 
it  ia  possible  at  inspection  to  determine  whether  it  i3  favorable 
fox  a particular  reaction  to  proceed  to  a marhed  degree.  There 
is  a tendency  fox  the  reduced  form  of  a substance  to  be  oxidised 
if  the  potential  for  its  half -cell  reaction  is  more  positive  than 
the  half-cell  reaction  of  the  oxidant.  In  other  words,  reversal, 
i-e. , procedure  from  right  to  left,  of  any  half-cell  reaction,  a3 
written  according  to  the  above  convention,  will  cause  any  reaction 
of  more  positive  potential  to  proceed  as  written,  i,e. . go  left 
to  right. 

Aa  an  example  of  the  oxidising  power  of  hydrogen  peroxide 
it  ia  seen  that  the  potential  of 

2H20  = %202  + EH*  * £s“,  3°  =»  — 1,75  v. 

ia  quite  adequate  to  oause  the  oxidation 

23 pO  + ?b^  =«  PbO,  + * 2e~,  3°  = -1.46 v. 

That  13 | the  reaction 
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may  procoed  from  left  to  right  aa  shown,  with  oonoiderablo  potential 
available  for  the  oonvoraion  of  plumboua  ion  to  lead  dioxide.  In 
the  aoherae  of  chamiatry  lead  dioxide  ia  generally  thought  of  aa  a 
reasonably  powerful  oxidising  agent  itaelf,  and  the  faot  that  hydro- 
gen peroxide  possesses  the  capability  of  producing  it  from  its 
reduood  fora  illustrates  the  oxidizing  power  of  hydrogen  peroxide. 
There  are,  in  foot,  only  a few  oxidants  whioh  exoeed  hydrogen  per- 
oxide in  oxidizing  potential. 

To  illustrate  the  reducing  aotion  of  hydrogen  peroxide,  the 
potential  of 

01“  - 1/2  012  + er,  E°  » -1.3^v. 
ie  sufficiently  less  positive  than  the  potential  of 
HgOg  * + Og  + 2e“,  E°  * -0,6?  v, 

.to  insure  that  the  reaction 

H2°2  + 012  “ 2H+  + SJl"  + 02  . 

will  proceed. 

On  the  other  hand,  the  potential  of  the  half-cell  reaction 

2?“  - ?2  + £e~,  S°  - -2.65  V. 

is  suffioiently  negative  that  the  oxidation  of  fluoride  ion  according 
to  the  reaction 

h2°2  + 2T~  + 2H+  ■ SHgO  + r2  . 

cannot  proceed  appreciably.  Similarly,  the  reversal  of  the  reaction 
Fe  « Fe^  + 2s~,  B°  = +0.44^. 

will  not  permit  the  reaction 

H?0p  + Fa**  = ?e  + 2H+  + 0o, 
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that  i o | hydrogen  poroxlde  la  not  a sufficiently  strong  reducing 
agent  to  oonvert  any  considerable  amount  of  ferrous  ion  into 
metallic  iron. 

The  oonfliot  between  the  convention  established,  which 
requires  the  writing  of  each  half-cell  reaotion  in  a particular 
direction,  and  the  tendency  to  think  in  terms  of  hydrogen  per- 
oxide as  a reactant,  that  is,  always  appearing  on  the  left  of 
an  equation,  may  make  for  confusion  initially.  Thus  it  may  seem 
artificial  to  write  as  above, 

2Hp0  a h20?  + 2H+  + 2e“,  E°  « -1.76  v. 

% 

instead  of 


H202  + 23*  + 2e~  - EHgO,  E°  - +1.76  v. 

However,  if  the  conventional  prooedura  ia  followed  no  uncertain- 
ties will  arise  regarding  the  significance  of  the  sign  and 

magnitude  of  the  electrode  potential  for  a reaction,  Thi3  pro- 

• 

tocol  will  also  be  found  to  aid  in  maintaining  a consistent  atti- 
tude toward  the  direction  of  a particular  reaction,  JPor  example, 
the  emphasis,  but  not  the  procedure,  is  changed  in  thinking  of  uater 
a3  a reducing  agent  or  of  oxygen  as  an  oxidant  instead  of  hydrogen 
peroxide  a3  in  the  reactions  given  above.  These  inverted  attitudes 
of  course  come  under  the  categories  of  formation  of  hydrogen  per- 
oxide or  of  its  role  as  an  intermediate  in  the  conversion  of 
oxygen  to  water  or  vice  versa.  Both  these  topics  are  considered 
more  fully  in  Chapters  2 and  3, 

The  examples  given  above  show  how  half-oell  react ion3  may 
be  added  to  yield  a complete  reaotion.  In  this  procedure  the 
potentials  may  also  be  added  to  give  the  potential  for  the  com- 
plete reaction,  that  is,  the  potential  which  would  be  realised 
if  an  electric  cell  were  constructed  in  which  the  reaotion  oc- 
curred, It  is  to  be  emphasised  that  this  potential  refers  to  a 
reversible  cell  operating  as  written.  If  certain  of  the  steps 
in  the  reaction  axe  not  reversible  the  potential  will  be  differ- 
ent, Or  the  proposed  reaction  may  not  occur  because  of  an  impos- 
sible intermediate  reaction. 
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Half-cell  reactions  may  alao  bo  combined  to  give  a third  half- 
cell  reaction,  This  is  illustrated  by  the  procedure  in  which  the 
hydrogen  peroxide-water  couple  ia  obtained  from  the  known  valuae  for 
the  hydrogen  peroxide-oxygen  couple  and  the  water-oxygen  ooupls,  vis, 

2HgO  =»  4h*  + Og  + 4a“  2°  - -XjZ}  v, 

HgOg  » 23*  + Og  + 2a“  2°  - ~0 ,69  v. 

SHgO  - HgOg  + 23+  + 29  V - -1.7  6 

The  procedure  for  calculating 

2°,  {£(-1.23)  -2(-0. 69)3/2  a -1.7Sv. 

illustrates  that  volt-equivalent 3 oust  alway3  be  added  when  half-cell 
potentials  are  combined  in  any  nay. 

The  elactrode  potentials  can  of  cour33  ba  converted  into  free 
energy  values  through  tha  relation  A7°  -n  ^ having 

the  value  23,060  cel/volt-aquivalant.  The  free  energy  ra7  then  in 
turn  be  used  to  calculate  the  equilibrium  constant  for  tha  reactions 
A7°  » In  or  at  25°0,A7°  » -1364,3  103  £ . Tor  example,  the 

potential  for  the  oxidation  of  plumbous  ion  b7  hydrogen  peroxide  was 
given  above  as.  0,30  volts.  The  free  energy  change  for  this  reaction 
ia  then  A7°  =»  -(2) (23060) {Q.30,  * -13*340  oal.  Thi3  result  al30  might 
[ have  been  obtained  direotly  from  a tabulation  of  free  energies  of 

formation.  The  equilibrium  constant  ia  then  calculated  as  £ =*  antilog 
(-13 ,$40 / -1364,3 ) » 1,4  2 10X°.  Thu 3 if  the  difference  between  con- 
centrations and  activities  may  be  ignored,  the  cone ant rations  in  a 
hydrogen  peroxide  solution  in  contact  with  lead  dioxide  stand  ia 
the  relation  (H*)8/(H^>2)  (?b++)  =*  K - 1,4  x 1010.  At  unit  pH  then 
in  a one  molal  hydrogen  peroxide  solution  (about  3 lsad  diox- 

ide will  an; -itxT  after  the  concentration  of  plumbous  ion  has  been 
raised  o’*"  7 x 10-*11  molal  — provided  tha  reaction  goes  at  all. 

At  - ' 3 the  plumbous  ion  concentration  which  will  support 

i ertion  of  lead  dioxide  becomes  even  more  minute, 

. ...  je tailed  discussion  of  the  use  and  significance  of  elec- 
-eral f as  well  as  numerical  values,  is  given 
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CHAPTER  EIGHT 

DECOMPOSITION  PROCESSES 

The  readiness  with  which  hydrogen  peroxide  may  be  decomposed 
into  water  and  molecular  oxygen  is  a characteristic  which  has  been 
familiar  since  the  discovery  of  this  substanoa.  It  la  a property 
both  useful  and  troublesome  and  one  brought  about  in  many  ways.  It 
has  been  studied  long  and  intensively,  yet  the  understanding  of  it 
is  even  now  relatively  limited  in  many  respects.  In  Chapter  7 the 
characteristics  of  hydrogen  peroxide  chich  determine  lt3  thermodynamic 
and  mechanistic  behavior  are  discussed.  The  processes  under  discus- 
sion in  this  chapter  are  governed  by  the  same  principles,  but  for 
the  most  part  the  understanding  of  decomposition  is  lass  advanced. 
There  are  several  factors  which  contribute  to  this  state  of  aff3ir3. 
Decomposition  processes  are  alike  in  that  they  all  deal  with  the 
net  reaction, 

PHgOp  > 23  gO  + Og  (1) 

which  clearly  includes  both  oxidation  and  reduction  of  hydrogen 
peroxide.  Many  of  the  pathways  whereby  this  process  is  accomplished 
are  believed  to  involve  chain  reactions.  In  the  case  of  hetero- 
geneous catalysis  the  manner  whereby  the  action  of  the  catalyst 
is  exerted  is  understood  only  in  a qualitative  way.  Although  these 
bars  to  the  development  of  satisfactory  mechanisms  for  decomposition 
processes  exist,  the  description  of  decomposition  processes  at  a 
less  sophisticated  level  can  be  given  more  completely.  The  devel- 
opment of  a survey  of  this  kind  including  direction  to  the  litera- 
ture is  the  purpose  of  this  chapter.  The  problem  of  hydrogen 
peroxide  stability  is  basically  that  of  minimizing  decomposition 
processes*  this  subject  is  treated  separately  in  Chapter  9 because 
of  its  great  practical  importance  and  because  the  rates  of  decom- 
position of  concern  there  are  of  a quite  different  order  of 
magnitude.  The  use  of  decomposition  processes  for  the  gene rat  ton 


of  oxygen  or  powor  lo  conaidored  in  Chapter  11,  The  subject  of 
hydrogen  peroxide  decomposition  as  a whole  has  never  been  reviewed 
adequately.  In  a few  instances  there  exist  outstanding  reviews  of 
limited  aspects  and  these  are  mentioned  in  the  appropriate  sections 
below. 


VAPOR  PHA82  DECOMPOSITION 

It  is  only  relatively  recently  that  some  understanding  has  been 
gained  of  the  facts  egarding  vapor  phase  decomposition,  particularly 
in  regard  to  explosive  decomposition.  In  this  section  the  experi- 
mental wort:  and  theories  dsaling  with  decomposition  of  the  vapor  ara 
reviewed.  Experimental  methods  for  generating  hydrogen  peroxide 
vapor  are  discussed  in  Chapter  4-,  Decomposition  of  the  vapor 
initiated  by  radiation  13  disoussed  briefly  on  page  153. 

Experimental 

The  vapor-phase  decomposition  of  hydrogen  peroxide  was  first 
investigated  in  1923  by  Hauser  (l) , who  observed  decomposition  on 
a number  of  surfaces  of  various  types,  and  by  Hinshelmood  and 
Prichard  (?)^who  reported  in  a brief  study  that  the  decomposition 
in  glaaa  bulbs  at  7o°C,  was  a first  order  surfaoe  reaction.  Elder 
and  Ridaal  (3)  in  192?  reported  that  the  reaction  came  to  an  end 
when  about  20%  of  the  hydrogen  peroxide  vapor  in  their  quartz 
vessel  was  decomposed,  although  complete  deoomoosition  was  obtained 
after  heating  the  quart3  bulb  to  about  300-400°G.  However, 
Kiatiakovsky  and  Rosenberg  (4)  in  1937  reported  oomplete  decomposi- 
tion on  quartz,  and  no  other  observation  has  been  reported  in  which 
abrupt  cessation  short  of  oomplete  reaction  was  noted.  Gigudre  (5) 
has  made  the  plausible  suggestion  that  Elder  and  Ridaal  were  actually 
measuring  the  vapor  decomposition  in  the  connecting  tubes  to  their 
vessel,  while  the  actual  rata  in  the  quarts  vessel  itself  was 
negligible. 

The  above  studies  are  primarily  of  historical  interest.  More 
recent  studies  (5,  6,  ?,3)  have  now  established  that  at  temperatures 


up  to  about  400°0.  and  partial  prauuures  of  hydrogen  pexoxida 
of  a few  mllllmotara  of  mercury,  the  reaction  ia  completely 
heterogeneous  even  in  vessels  made  of  the  most  inert  surfaces 
studied,  such  as  Pyrex,  .At  temperatures  in  the  region  of  4-70 
to  5^0°0,  and  at  partial  pressures  of  1 to  2 millimeters  of  mar- 
our/  (total  pressure  of  one  atmosphere)  there  i3  evidence  that 
at  least  a part  of  the  decomposition  is  homogeneous  in  glass 
vessel s which  have  been  treated  with  borio  aoid  to  reduce  the 
activity  of  the  surface  (9).  Vary  reoent  studies  (10)  at  partial 
pressures  of  oaveral  millimeters  of  mercury  (total  pressure  of 
one  atmosphere)  in  a ' 'pyrex' ' glass  flow  apparatus  at  tampsra- 
turas  of  120  to  4-9Q°0.  showed  an  abrupt  change  from  hetero- 
geneous to  homogeneous  decomposition  at  4-25°0.  At  atmospheric 
pressure  vapor  containing  26  mole  per  cent  or  mors  hydrogen  per- 
oxide (193  ma. Hg  partial  praasura  HgOg),  the  remainder  being  on 
inert  ga3,  nay  be  exploded  by  contact  with  a catalytic  or  hot 
surface  (ll),  thus  demonstrating  that  at  sufficiently  high  con- 
centrations, a completely  homogeneous  reaction  can  be  propagated. 
Ths  partial  pressure  of  hydrogen  peroxide  in  the  limiting  explo- 
siva  composition  decreases  as  the  total  pressure  i3  decreased 
becoming  for  example,  22  mm*Hg  at  a total  pressure  of  4-0  mm,  the 
lowest  pressure  studied.  (The  explosive  characteristics  of 
hydrogen  peroxide  vapor  are  also  discu33ed  in  Chapter  4-.) 

The  rats  of  the  heterogeneous  vapor-phase  decomposition 
is  characterised  by  an  extraordinary  sensitivity  to  slight 
changes  in  the  physical  nature  of  the  reaction  vessel  aurfaca, 
as  nail  as  its  chemical  composition.  Because  of  thi3,  it  is  not 
surprising  that  considerable  variation  has  bsen  found  between  the 
results  reported  by  different  workers  on  the  magnitudes  of  the 
reaction  rate,  activation  energy,  or  the  effect  of  water  vapor 
or  other  gases  on  the  reaction.  Salient  observations  of  recent 


workers  are  summarised  below, 

Kondrat  *eva  and  Kondrat 1 ev  (7)  passed  moist  air  contain- 
ing 0,01  to  0.4-  mm,  Hg  of  hydrogen  peroxide  through  a * 'molybdenum 
glass'*  tube  at  temperatures  from  room  temperature  up  to  1?5°C. 


They  reported  the  reaction  under  these  conditions  to  be  second 
order  with  an  activation  energy  of  3;p  kcal/mole.  Rinsing  the 


1 ?6 


roaotion  vessel  with  potassium  ohlordln  or  copper  nitrate  solutions 
activated  the  surface  to  the  point  that  considerable  dacorapoait ion 
of  hydrogen  psrozida  vapor  was  observed  at  room  temperature. 

Mackenzie  and  Ritchie  (6)  studied  the  decomposition  by  a mano- 
metric  method  in  silica  vessels  at  60°G.,  covering  a throe-fold  varia- 
tion in  partial  pressure  range  with  the  initial  total  pressures 
varying  from  0.6  to  1,2mm.  Hg,  The  procedure  involved  evacuation  of 
the  reaction  vessel,  followed  by  introduction  of  hydrogen  peroxide  by 
vaporization  from  a quantity  of  highly  concentrated  liquid.  The  rata 
of  raaotion  was  followed  by  the  preasura  risa.  They  reported  water 
vapor  to  have  a pronounced  retarding  effect.  High  ratios  of  oxygen 
or  nitrogen  partial  pressure  to  that  of  hydrogen  peroxide  also  resulted 
in  somewhat  slower  rates,  which  may  well  have  bean  caused  by  these 
gases  reduoing  the  rate  of  diffusion  of  hydrogen  peroxide  to  the 
vessel  surface.  From  these  studies  the  decomposition  rata  was  formu- 
lated by  Mackenzie  and  Ritchie  as  second  order  with  respect  to  hydrogen 
peroxide,  with  a term  to  account  for  the  retarding  effect  of  water 
vapor. 

In  a similar  typa  of  apparatus,  Baker  and  Ouellat  (6)  used  vapor 
containing  initially  about  70-75^ hydrogan  peroxide,  the  remainder  being 
water  vapor,  at  pressures  of  10  to  20  mm.  Hg  and  at  temperatures  from 
70°  to  200°C.  They  found  the  reaction  to  be  first  order  up  to  l3aet 
60 % decomposition,  at  temperatures  up  to  about  l40°0.  Above  l40°C,  in 
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their  apparatus,  the  reaction  was  of  irregular  order,  and  the  tempera- 
ture coefficient  was  very  small.  Studies  in  the  temperature  ranga  of 
60°  to  130°C« showed  that  the  dacomposit ion  rat3  was  slower  in  fuaad 
Pyrex  than  in  ordinary  Pyrax,  and  faster  in  lime  soda  glass  than  in 
either  Pyrex  vessel.  The  rate  inoreasad  with  surface-to-voluma  ratio, 
but  adventitious  variations  between  vessals  of  supposedly  the  same 
nature  caused  a several-fold  variation  in  rate.  Apparent  activation 
energies  for  different  Pyrex  surfaces  varied  between  13.4  and  19*0 
kca^/g  mole.  Addition  of  small  quantities  of  air,  oxygen,  carbon 
dioxide,  or  water  vapor  did  not  change  the  raaotion  rate. 

In  a continuation  of  ths  above  work  and  in  a similar  apparatus, 
Giguers  (5)  made  very  careful  and  extensive  observations  of  the  effect 
of  surfaca  treatment  on  the  reaction  rate,  at  total  pressures  of 


about  5 mm.Hg,  the  vapor  being  produced  by  evaporation,  with 
some  fractionation,  of  95  “ 99$  hydrogen  peroxide.  In  eaoh 
case  described  below,  the  reaction  was  studied  in  a 1 liter 
spherical  reaction  vessel,  and  the  first  order  rata  expras- 
sion  was  formulated  in  terms  of  the  partial  pressure  of  the 
hydrogen  peroxide.  The  variation  in  activity  of  different 
surfaces  is  indicated  in  Table  1,  To  have  a unified  basis  for 
comparison,  for  each  oaae  there  is  quoted  the  approximate 
temperature  at  which  the  first  order  rate  constant  (seo~*) 
equals  10^,  as  interpolated  from  Gigu^re's  data,  and  also  the 
apparent  activation  energy  he  reported. 

It  is  seen  that  fusing  a Pyrex  surface  was  found  to  reduce 
greatly  its  activity,  but  treatment  with  hot  chromic  aoid  destroyed 
the  inertness.  Possibly  tiny  amounts  of  chromium  oxidas,  which 
are  catalytlcally  active,  are  left  on  the  glass  surfaoe,  although 
it  is  known  that  chromic  aoid  treatment  also  substantially 
increases  the  surface  area  of  glass,  which  could  also  cause  an 
increased  rate  of  decomposition  per  unit  of  superficial  area. 

(It  has  been  found  in  other  work  that  chromio  aoid  treatment 
produces  a glass  surface  which  Is  more  active  than  that  pro- 
duced by  other  cleaning  methods.  The  activity  persists  even 
after  numerous  washings.)  Ha-fusing  restored  tha  surface  to 
nearly  tha  same  low  activity  and  the  effect  of  these  alternate 
treatments  on  activity  could  be  repeated  at  least  a few  times. 
Washing  with  hot  water  or  etching  with  hydrofluoric  acid 
increased  the  activity  and  coating  the  glass  surface  with  a salt 
resulted  in  a surface  which  was  substantially  more  active  than 
that  produced  by  any  of  the  other  treatments.  Temperature 
extrapolation  indicates  that  the  salt-coated  Pyrex  vessel  gave 
a rate  of  decomposition  about  10^  times  that  in  the  fused  Pyrex 
vessel.  Two  similar  soda-lime  vessels  of  the  same  make,  given 
identioal  treatments,  gave  several-fold  different  reaction  ratas. 
Transparent  silica  vessels  of  two  different  makes  were  greatly 
different  in  thair  activity.  Fused  glass  was  found  to  become 
more  aotive  on  aging  until  it  reached  a kind  of  equilibrium  state. 
The  activating  effects  of  washing  with  hot  water  or  acid  are 
generally  attributed  to  a selective  solution  of  the  mors  soluble 


Table  1 


Activity  of  8orae  8uxfaoea  In  Causing 
Hydrogen  Peroxide  Vapor  Decomposition,  from  Oigu^re  (5) 


Surface 

Approximate 
temperature  at 
which  k (sec.”*) 

equals  10^,  °0 

Activation 

Energy, 

Jccal/toole 

1.  Pyres  vessel  (III) 

l40 

12.6 

2.  Vessel  III  fused 

240 

18.7 

3.  Vessel  III  cleaned  with  hot 
chromic  acid 

125 

7.8 

4.  Vessel  III,  fused  again 

210 

15.* 

5.  Vessel  III,  washed  with  hot  water 

157 

16.1 

6..  Vessel  III,  coated  with 
trlsodium  phosphate 

65 

21.6 

7.  Vessel  III.  etched  with 
hydrofluoric  acid 

170 

8.4 

S.  Soda-lime  vessel  (V) 

100 

11.4 

9,  Soda-lime  vessel  (?I) 

(superficially  Identical  with  V) 

60 

10.5 

10.  Transparent  silica  vessel 
(Vitreosil)  (VII) 

125 

12.2 

11.  Vessel  VII,  fused 

150 

11.6 

IP,  Transparent  silica  vessel 
(Amereil) (VIIl) 

70 

IO.3 

13.  Pyrex  flash  coated  with  tin 
surface  (IX) 

70 

13 

l4.  Pyrex  flash  coated  with 
aluminum  surface  (X) 

90 

12 

components  of  the  gloss,  loavlng  a apongeliko  structure.  After 
coating  vessels  with  pure  tin  or  aluminum  mirrors  deposited 
by  an  evaporation  method,  rates  oornparable  to  silica  and  soft 
glass  vessels  were  obtained.  However,  Giguore  points  out  that 
such  metal  surfaces  may  have  far  different  activities  than 
those  formed  in  other  ways  on  massive  metal.  It  is  seen  that 
the  most  inert  surface  was  obtained  by  fusing  Pyre*  glass.  The 
greater  activity  of  the  silioa  surface  over  Pyrex  is  probably 
caused  by  its  having  more  porous  surface.  In  a two-liter  Pyre* 
vessel  of  low  activity,  the  temperature  coefficient  corresponded 
to  an  apparent  activation  energy  of  ?. 5 to  8.0  kcal/fort®  at  all 
temperatures  up  to^SO^O.,  the  highest  studied,  indicating  that 
no  homogeneous  reaction  apparently  oocurred. 

There  was  no  consistent  correlation  between  the  apparent 
energy  of  activation  and  the  reaction  velocity.  Glguere  attributes 
this  lack  of  correlation  to  a variation  in  the  number  of  adsorbed 
molecules,  related  to  factor  A in  the  modified  Arrhenius  equation 
k * Ae  „ . 1 where  E is  the  true  energy  of  activation  and  X 

the  energy  of  adsorption  of  the  reactant.  Gigulre  (5),  Baker  wid 
Ouellet  (6)j  Mackenzie  and  Ritchie  (8),  and  Tamres  «nd  Frost  (12) 
have  all  observed  adsorption  of  vapor  to  occur  upon  its  introduction 
into  the  reaction  vessel  under  some  circumstances,  as  evidenced 
by  an  initial  decrease  in  pressure  or  induction  period  followed 
by  the  expected  pressure  increase  due  to  decomposition.  Various 
other  tests  have  confirmed  that  at  least  a part  of  the  vapor  adsorbed 
was  hydrogen  peroxide.  In  the  studies  by  Gigu&re  on  silioa,  the 
phenomenon  was  observed  at  temperatures  up  to  175°G.  The  adsorp- 
tion could  presumably  still  occur  at  much  higher  temperatures, 
even  if  not  detectable  in  the  particular  apparatus  used.  As 
would  be  expected,  the  phenomenon  is  more  pronounced,  the  closer  the 
partial  pressure  of  hydrogen  peroxide  approaches  the  vapor  pressure 
which  would  exist  above  the  condensed  phase.  For  example,  at 
room  temperature  and  initial  vapor  pressure  of  0.5-0,?  rnnuHg 
and  using  highly  concentrated  hydrogen  peroxide  vapor,  Tamres 
and  Frost  (l?)  found  about  three  times  as  much  hydrogen  peroxide 
to  be  adsorbed  as  was  present  in  the  vapor  phase,  in  a vessel 
packed  with  soft  glass  wool.  The  amount  of  adsorption  occurring 


will  also  vary  substantially  with  changes  in  the  character  of  the 
surface,  Thus  Gigu^xe  found  that  hie  11  induction  period* • did  not 
occur  in  a eilioa  vessel  if  it  had  been  fused.  Presumably  the  fusing 
sealed  up  the  pore  structure  of  the  surface,  thus  greatly  reducing 
the  area  available  for  adsorption,  as  well  as  possibly  changing  the  , 
character  of  the  surface. 

The  patents  of  Cook  (I3)  disclose  that  a coating  of  boric  acid 
or  various  combinations  of  boric  aoid,  borates,  and  certain  oxides 
on  the  surface  of  reaction  vessels  retards  the  rate  of  decomposition, 
particularly  if  the  ccating  is  fused  at  a temperature  of  300°C  or 
higher.  It  is  believed  that  the  effect  is  due  largely  to  the  pres- 
ence of  boric  aoid  or  borio  oxide  as  well  as  to  the  Bmooth  surface 
provided  by  the  fusing  process. 

HcLane  (9)  reported  that  coating  a Pyrsx  vessel  with  borio 
aoid  followed  by  fusing  in  a furnace  at  500-520®G  overnight  gave 
a far  lower  rate  of  decomposition  than  was  obtained  in  uncoated 
Pyrex,  confirming  Gook*s  work,  and  he  also  found  that  it  was  pos- 
sible to  obtain  consistent  results  wi  th  different  vessels  or  with 
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the  same  vessel  upon  cleaning  and  recoating  by  this  method.  In 
such  vessels,  HcLane  studied  the  decomposition  of  hydrogen  per- 
oxide vapor  at  partial  pressures  of  1 to  2 mm.  Hg  in  the  presence 
of  one  atmosphere  of  oxygen  or  nitrogen,  using  a flow  system  and 
temperatures  of  4y0-^}-0o0,  Two  series  of  vessels  were  used,  one 

series  having  a surface  tc  volume  ratio  of  about  7 cm""1,  the  other 
-1 

about  3 cm  , The  reaction  was  found  to  follow  a first-order 
relation,  and  the  rate  constants  in  the  vessel^  of  higher  surface- 
volume  ratio  were  generally  from  about  0 to  50^,  higher  than  those 
in  the  lower  surface-volume  ratio  vessels.  The  reaction  ratea  were 
about  30/,  greater  in  nitrogen  than  in  oxygen.  The  apparent  aotiva- 
tion  energies  were  40  koay  mole  in  the  vessels  with  eurface-volume 
ratio  of  7 om  1 for  both  nitrogen  and  oxygen,  and  50  koa^ao!®  in 
the  3 cm"1  vessels,  in  the  presence  of  nitrogen.  Insufficient  data 
on  oxygen  were  collected  in  the  latter  vessels  to  calculate  an 
activation  energy.  On  the  basis  of  the  effect  of  surface-volume 
ratio,  and  the  magnitude  of  the  aotivation  energy,  it  was  concluded 
that  probably  a portion  of  the  reaction  occurred  in  the  homogeneous 
gas  phase. 


The  results  of  a brief  study  by  Harris  (l4)  are  consistent 
with  the  Information  reported  from  other  eouroea,  Harris  bub- 
bled  a stream  of  nitrogen  at  one  atmosphere  through  about  65 
aqueous  hydrogen  peroxide  held  at  $2°0  and  then  passed  the  gas 
through  a heated  quartz  reaction  tube.  The  fraotlon  of  peroxide 
decomposed  was  quite  variable  and  was  inoreased  by  coating  the 
tube  with  potassium  ohloride,  adding  mercury,  or  packing  the 
tuba.  In  tbs  dean  unpacked,  experimental  vessel,  the  half  life 
was  about  0.5  seconds  at  505“525°Oj  this  compares  fairly  olosely 
with  half  lives  of  0,7  and  0.9  seconds  reported  by  UoLane  for 
hydrogen  peroxide  in  the  presence  of  nitrogen  and  oxygen  respa 0- 
tively,  with  the  use  of  vessels  at  521°G  coated  with  borio  acid. 
Considering  the  large  variations  observed  in  the  activities  of 
various  surfaces,  this  surprisingly  good  agreement  in  the  reac- 
tion rates  reported  separately  by  HcLana  and  Harris  at  this 
temperature  level  is  consistent  with  the  conclusion  that  a sub- 
stantial portion  of  the  re&otion  was  homogeneous  in  both  cases. 

Very  recent  studies  by  Stein  (10)  show  dear  evidence  of 
a transition  from  heterogeneous  to  homogeneous  reaotion  as  the 
temperature  la  raised.  A vapor  mixture  of  water  and  hydrogen 
peroxide  was  passed  at  one  atm. through  carefully  cleaned  ,,Pyr®x,, 
glass  tubes  in  a flow  apparatus,  the  partial  pressure  of  the  hyr* 
drsgen  peroxide  being  several  ma.Hg,  and  the  rate  of  decomposition 
was  determined  from  analyses  of  the  inlet  and  exit  gases  under 
steady-state  conditions.  The  reaction  rate  was, found  to  be  first 
order  in  the  heterogeneous  range  and  second  order  in  the  homo- 
geneous range.  Figure  1 shows  the  observed  rates  of  decomposi- 
tion as  a function  of  temperature,  as  expressed' for  a partial 
pressure  of  0.02  atm.  The  abrupt  shift  from  heterogeneous  to 
homogeneous  reaction  at  about  425°0.  is  very  evident.  Further 
evidenoe  of  the  shift  in  mechanism  is  shown  by  the  fact  that 
two  different  reaction  tubes  showed  substantial  differences  in 
reaotivity  in  the  lower  temperature  region  but  more  in  the 
high  temperature  region. 

Additional  studies  on  the  decomposition  of  hydrogen  peroxide 
vapor,  which  are  rather  difficult  to  interpret,  have  been  reported 


DIFFERENTIAL  RATE  OF  DECOMPOSITION  x I03  (MOLES/ MIN) 


TEMPERATURE  °C 


FIG.  I - EFFECT  OF  TEMPERATURE  ON  THE  DECOMPOSITION 
OF  HYDROGEN  PEROXIDE  VAPOR.  ( Ph2Oo~  0.02  ATM.) 


by  Mizuwatari  and  Nagai  (15)  and  Sulto  (]6).  The  very  few  studies 
reported  on  photochemical  decomposition  of  the  vapor  are  sum- 
wirized  on  p,  153  . 

If  a concentrated  aqusouB  hydrogen  peroxide  solution  is  heated 
to  a temperature  at  which  the  vapor  produoed  lies  within  the 
explosive  composition  range  (see  Ohapter  4),  it  is  possible  to  . 
ignite  the  vapor  and  produce  a continuously-propagating  flame. 

For  example,  on  heating  a vessel  containing  concentrated  hydrogen 
peroxide  to  a temperature  near  the  boiling  point,  the  /apor  can 
be  Ignited  by  a spark,  bot  wire,  or  catalytically-actlve  surface, 
or  even  may  become  Ignited  from  the  vessel  wall  it3elf,  Once 
ignited,  heat  transferred  downward  from  the  flame  causes  continu- 
ous vaporization  of  the  liquid,  and  the  flame  will  continue  to 
• ‘burn’ 1 quite  evenly  without  supply  of  any  external  heat  as 
long  as  concentrated  liquid  hydrogen  peroxide  is  available.  Flames 
of  this  type  have  been  observed  by  Hart  (17)  at  total  pressures 
of  20  mm  Hg  or  higher  and  they  have  also  been  observed  at  atmos- 
pheric pressure  in  studies  in  other  laboratories.  This  phenomenon 
is  a striking  one  to  observe.  For  instance,  if  a beaker  of  90  wt.fc 
hydrogen  peroxide  is  placed  on  a hot-plate  the  liquid  becomes 
frothy  and  throws  out  mist  and  steam  as  boiling  ensues.  Shan 
ignition  of  the  vapor  occurs  the  mist  instantly  disappears,  the 
surface  of  liquid  becomes  quiescent,  frothing  ceases,  and  the  volume 
of  liquid  diminishes  at  a very  high  rate. 

The  ignition  limits  of  vapor  mixture  of  hydrogen  peroxide 
and  water  at  atmospheric  and  sub-atmospheric  pressure  axe  presented 
in  Chapter  4.  Figures  2 and  “5  show  the  effect,  at  (§p0  mm.  Hg 
total  pressure,  of  varying  the  nature  and  concentration  of  the 
inert  gas  present  (iH) . Substitution  of  helium,  nitrogen,  or 
oxygen  for  a portion  of  the  water  vapor  has  no  effect  on  the 
ignition  limit,  whereas  carbon  dioxide  has  so  me  dampening  effect. 

The  interpretation  of  these  data  is  uncertain  since  the  role  of  . 
the  inert  gas  may  be  through  its  heat  capacity,  which  affects 
the  adiabatic  reaotion  temperature,  through  its  thermal  conductivity 
which  affects  the  rate  of  heat  dissipation  from  the  reaction 
zone,  in  its  effect  on  the  rate  at  which  free  radicals  formed 
in  the  reaction  can  dissipate  by  molecular  diffusion,  or  in  its 
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effectiveness  in  transferring  energy  in  three-body  collisions. 

The  heat  oapaoity  effect  is  probably  the  most  important.  The 
adiabatia  react  Lon  temperature  of  the  limiting  ignition  composi- 
tion for  the  system  hydrogen  peroxide-eater  is,  for  example,  780°0, 
at  one  atmosphere  pressure  and  380°0.  at  200  mm  Hg  total  presBure- 
valuss  that  are  much  lower  than  those  encountered  in  most  fuel- 
oxidant  systems. 

Mechanism 

Zn  many  cases  it  has  been  found  that  the  relative  activities 
of  various  surfaces  in  causing  decomposition  in  the  vapor  phase 
is  about  the  same  as  that  observed  in  the  liquid  phase.  Thus  in 
both  phases,  Pyrex  glass  is  more  inert  than  soda  glass,  and 
acidic  surfaoea  tend  to  be  more  inert  than  basic  surfaces.  With 
both  phases,  treatment  with  either  chromic  acid  or  hydrofluoric 
acid  increases  surface  activity,  Roiter  and  Gaukman  (19)  reported 
the  same  conclusion  with  catalytically  active  surfacasj  they 
stated  that  the  rate  of  decomposition  increased  in  the  order; 
lead  dioxide,  manganese  dioxide,  platinum  and  the  relative  activi- 
ties of  these  three  surfaces,  as  measured  by  them,  were  about  the 
same  in  the  liquid  as  in  the  vapor  phase,  These  various  observa- 
tions suggest  that  the  heterogeneous  decomposition  mechanism  is 
the  same  in  both  phases  under  some  experimental  conditions.  The 
amounts  of  adsorption  reported  to  occur  in  vapor  ohase  decomposi- 
tion correspond  in  several  cases  to  an  adsorbed  layer  many  mole- 
cules thick,  which  could  behave  in  many  ways  like  a liquid.  This 
analogy  must  be  pursued  with  caution,  however.  The  amount  of  hy- 
drogen peroxide  adsorbed  must  decrease  with  increased  temperature, 
probably  with  accompanying  changes  in  the  meohanism.  Also  liquid 
phase  decompositions  may  frequently  involve  solution  of  ions  into 
the  bulk  of  the  solution,  thereby  contributing  a possibly  unsus- 
pected reaction  to  the  observations  made. 

The  mechanism  of  the  homogeneous  gas-phase  decomposition  can 
be  inferred  from  energy  oonaide rat  ions.  The  initial  step,  rupture 
of  the  hydrogen  peroxide  molecule,  can  only  occur  in  two  possible 
ways  — -upture  of  the  0-0  bond  to  form  two  OH  radicals  or  rupture 
of  an  G-H  bond  to  form  an  H02  radioed,  and  an  H atom.  The  first 
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of  those  posgibilitiog  requireo  5 2 koal  per  mole  00  compared  to  koal. 
per  mole  for  the  splitting  of  an  0-H  bond  and  would  therefore  appear 
to  be  far  more  probable.  This  initiating  step  is  supported  by  the  work 
of  Urey | Dawsey,  and  Rloe  ( 20 ) who  studied  the  emi salon  spectrum  of 
hydrogen  peroxide  when  it  was  streamed  rapidly  through  a oool  discharge 
tuba.  They  found  water  bands  caused  by  OH  radicals  but  no  moleoular 
or  atoraio  hydrogen. 

The  energy  changes  for  all  possible  chain  carrying  steps  involv- 
ing the  species  that  may  be  present  in  this  system  may  be  calculated 
from  the  values  and  sources  cited  in  Chapter  5»  All  possible  branch- 
ing mechanisms  are  accompanied  by  unfavorable,  l.e, . endothermic, 
energy  changes  and  therefore  the  homogeneous  reaction  is  probably 
propagated  through  the  gas  by  unbranched  chains.  The  only  straight- 
chain  mechanism  involving  exothermic  reactions  initiated  by  the  acti- 
vated C3  radicals  from  the  initial  step  is 

OH  + H202  ► H0g  ♦ HgO  (2) 

HOg  + HgOg  > OH  + HgO  + Og  (3) 

These  reactions  involving  free  radicals  probably  proceed  with  little 
or  no  activation  energy. 

The  chain-consuming  steps  are  one  or  more  of  the  reactions 


gOH  + M *• 

HgOg  + U 

* (4) 

2H0g  + M 

HgOg  + Og  + U 

(5) 

OH  + HOg  + V 

*•  HgO  ♦ Og  + H 

(6) 

the  wall,  inert  gas,  or  hydrogen  peroxide  molecules  acting  as  the 
third  body.  In  the  case  of  gas-phase  flames  and  explosions,  the 
heat  generated  by  the  over-all  reaotion  is  presumably  sufficient 
to  cause  the  liberation  of  further  OH  radicals  from  HgOg  molecules 
and  thus  bring  about  a propagating  reaotion  which  is  essentially 
thermal  in  nature. 

The  above  mechanism  is  consistent  with  observations  mada  on 
on  the  ignition  limits  of  hydrogen  peroxide  vapors,  discussed 
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above  and  in  Chapter  4-,  The  fact  that  tho  partial  pressure  of 
hydrogen  peroxide  at  the  ignition  limit  inoreaaes  steadily  with 
the  partial  pressure  of  the  inert  gases  present  also  suggests  an 
explosion  which  is  essentially  thermal  rather  than  branched” 
chain  in  nature. 

If  hydorgen  peroxide  vapor  is  flowed  past  an  active  catalyst 
surfaoa,  the  possible  rate  of  decomposition  on  the  surfaoe  can  be 
much  greater  than  the  rate  of  transport  of  hydrogen  peroxide  to 
the  surface | thus  producing  a situation  where  the  actual  observed 
rate  of  reaction  is  limited  by  the  rate  of  diffusion  of  matter. 

In  such  a oase  a further  Increase  in  catalyst  activity  causes  no 
change  in  the  measured  rate  of  reaction.  The  decomposition  rates 
of  hydrogen  peroxide  vapor  have  been  studied  on  passage  through 
a cylindrical  tube,  the  wall  of  which  was  a very  active  catalyst, 
and  also  through  a bed  of  catalyst  spheres  (21).  It  wa3  shoim 
that  such  a system  is  diffusion-controlled  and  the  rates  of  de- 
composition observed  agreed  closely  with  those  predicted  from 
correlations  of  mass  transfer  data  obtained  from  non-reacting  sys- 
tems. In  such  a diffusion-controlled  reaction,  the  surface  of 
the  solid  reaches  a temperature  substantially  above  that  of 
the  bulk  of  the  gas  flowing  past  it,  and  this  temperature  can 
be  estimated  by  considering  the  characteristics  of  the  simultane- 
ous heat  and  mass  transfer  between  the  bulk  of  the  gas  and  the 
solid. 


D2CC34POSITIOH  BY  RADIATION 

The  reactions  induced  by  radiation  are  commonly  divided  into 

two  groups,  photochemical  processes,  which  axe  usually  caused  by 

ultraviolet  radiation,  and  radio chemical  processes,  which  proceed 

from  the  absorption  of  higher  energy  radiation  such  as  x and  y 

of 

radiation  and  that  consisting  /part  idea  such  as  protons  and  a and 
0 radiation.  The  latter  group  of  processes  is  characterized  by 
the  appearance  of  ionisation.  Reference  should  also  be  made  to 
the  discussion  on  formation  of  hydrogen  peroxide  by  radiation 
processes  in  Chapter  2. 

Fhotochamical  Processes 

There  is  a large  number  of  fragmentary  and  qualitative  reports 
In  the  early  literature  of  the  decompoalt ion  of  hydrogen  peroxide 


by  light  and  the  effects  of  various  solutes  on  the  observations  made. 
Systematic  invest lgationo  began  in  about  1$10  but  correlation  of  the 
data  of  various  investigators  is  rendered  difficult  by  the  faot  that 
earlier  workers  frequently  have  not  specified  the  values  of  variables 
later  found  to  be  of  importance  in  determining  quantum  yields,  Ohief 
among  these  are  Intensity  and  frequency  of  radiation,  pH,  the  nature 
of  foreign  materials  such  as  commercial  inhibitors  in  the  solutions, 
the  nature  of  the  container  walls,  and  correction  for  the  concurrent 
dark  reaction.  The  extreme  sensitivity  of  the  decomposition  rate  to 
traoe  impurities  has  been  a particular  source  of  difficulty*  repro- 
ducible results  on  either  the  thermal  or  photochemioal  decomposition 
oan  be  obtained  only  with  the  most  meticulous  experimental  techniques. 

The  following  recent  experiment  (22)  illustrates  the  magnitude  of 
the  photochemical  decomposition  rate  which  may  be  observed.  Ten  c.c, 
of  90  wt.j£  aqueous  hydrogen  peroxide,  free  from  inhibitors,  was 
exposed  at  25°G  in  a quarts  container  to  radiation  from  a 100-watt 
mercury  vapor  lamp  rated  as  emitting  2,2  watts  of  radiation  in  the  near 
ultraviolet,  3200-3200  i . The  resulting  hydrogen  perc  ’da  decomposi- 
tion rate  was  O.25  per  cent  per  hour,  which  was  about  ?0-fold  that 
observed  in  the  absence  of  radiation  under  otherwise  the  same  condi- 
tions. 

The  absorption  of  ultraviolet  radiation  by  hydrogen  peroxide  is 

disoussad  in  Chapter  5,  The  spectrum  consists  of  a continuum  without 
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struoturs,  extending  from  about  3300  A to  beyond  2000  A.  The  extinc- 
tion coefficient  is  substantially  independent  of  concentration  below 
50  wt.%  hydrogen  peroxide,  although  Beer's  law  is  not  strictly 
obeyed.  Similarly,  the  extinction  coefficients  for  aqueous  solu- 
tions and  for  mixtures  of  hydrogen  peroxide  vapor  with  air,  compared 
at  the  same  values  of  concentration  times  path  length,  appear  to  be 
essentially  the  same. 

Experimental  Results.  There  is  now  general  agreement  that  in 
dilute  to  moderate  concentrations  (about  0.2H)  and  at  moderate 
intensities  of  absorbed  radiation  (below  about  10*^  quantsy^  seo.) 
the  rate  of  decomposition  (moles  per  liter  per  second)  is  directly 
proportional  to  the  concentration  of  hydrogen  peroxide  and  to  the 
square  root  of  the  intensity  (23,  2^,  25,  26).  At  higher  concen- 
trations and  moderate  radiation  intensities,  there  has  beer 


considerable  disagreement.  Thuaf  according  to  Qureohi  and  Rahman 

(27)  i the  quantum  yield  becomes  independent  of  concentration  at 
conoentrationa  of  from  0.3  to  0,9^.^  and  in  the  work  of  Allmand 
and  Style  (23),  the  observed  effeot  of  concentration  varied, 
depending  upon  whether  the  concentration  was  reduced  by  adding 
distilled  water  or  by  allowing  decomposition  to  prooeed  under 
radiation.  However,  in  recent  and  very  careful  work,  Oainton 
and  Rowbottom  (26)  indicated  that  for  intensities  up  to  about 
10  quanta/1.  seo,  and  concentrations  up  to  20  molar,  the  rate 
is  still  direotly  proportional  to  the  hydrogen  peroxide  concen- 
tration and  to  the  square  root  of  the  intensity,  and  the  dis- 
crepancies of  the  earlier  work  may  well  be  attributed  to  the 
presence  of  traces  of  inhibitors  or  impurities  in  the  hydrogen 
peroxide  used. 

At  very  low  radiation  intensities  and  concentrations 
below  0.1-0. 5 M,  there  are  also  some  early  reports  that  the 
yield  tends  to  become  independent  of  radiation  intensity  (23,  24, 
2&).  At  very  high  radiation  intensities  (above  about  31  10*7 
quanta/1.  seo.),  Lea  (25)  has  reported  that  the  quantum  yield 
becomes  independent  of  concentration  from  0.01  to  at  least  0.043. 
Heidt  (29),  working  at  intensities  of  5 to  12  x 1017  quants/l.  sec., 
concluded  that  there  was  a tendency  for  the  quantum  yield  to  in- 
crease with  concentration  from  1.3  to  4,221.  However,  the  incfease 
is  barely  significant,  considering  the  reproduoibility  of  the 
data,  and,  in  any  case,  is  far  less  than  linear. 

Hydrogen  peroxide  is  not  affected  by  exposure  to  light  of 

0 

wave  length  greater  than  about  3SOO  A . It  has  absorption  bands 
in  the  infra-red,  but  is  not  decomposed  by  light  of  theoe  fre- 
quencies. Data  on  the  effect  of  wave  length  in  the  ultraviolet 
region  on  the  decomposition  are  inconclusive.  Henri  and  Wurmser 

(28)  reported  a 25  per  cent  decrease  in  quantum  yield  as  the  wave 
length  was  increased  from  2030  to  2300  2 at  concentrations  of 
0,02-0.05  IL  and ^radiat ion  intensities  in  the  neighborhood  of 
1017  quanta/i.  sec.j  Allmand  and  Style  (23)  reported  a 100 
increase  in  yield  as  the  wave  length  was  increased  from  2?50  to 
365O  2 at  conoantrat ions  of  O.5  - H.5H  and  intensities  in  the 
same  range. 


TABLE  2 


G02FFI0I2HT  OF  RATE  OF  PHOTOCHEMICAL  DECOMPOSITION 


0 

Wavelength  | A 

Temperature 

Coefficient*^ 

Temperature 
Range,  °0 

Reference 

5650 

1.42 

2-22 

(1) 

3650 

1.50 

21-45 

(22)** 

Full  mercury  lighl 

1.43 

— 

(2) 

it  ••  M 

1.33  and  1.4i 

— 

(39) 

3I3O 

1.32 

IO-3O 

(19) 

3070 

1.33 

2-22  ^ 

(1) 

2750 

1.23 

2-22 

(1) 

2600 

1.15 

2-22 

(1) 

• (Tg-T^  log  a - 10  log  (k2/  *±) 


**  not  oorxeoted  for  thermal  decomposition 


Temperature  coefficients  of  the  decomposition  rate  caused 
by  radiation  of  various  wave  lengths  are  listed  in  Table  2. 

There  appears  to  be  a tendenoy  toward  decrease  of  temperature 
coefficient  with  decreasing  wave  length.  These  values  compare 
with  an  experimentally  measured  cceffiolent  of  somewhat  greater 
than  2 for  thermal  decomposition  in  the  absence  of  radiation 
(see  Chapter  9). 

The  effects  of  a wide  variety  of  Inorganic  acids,  bases, 
and  salts  on  the  rate  of  photocheaioal  decomposition  have  been 
reported  (23,  30,  31).  The  ranges  of  radiation  intensities 
used  were  not  epeolfisd,  but  they  are  almost  certainly  below 
10*'  quanta^,  sec.  At  these  int  ansi  tie  3,  addition  to  the  solu- 
tion of  strong  Inorganic  acids  causes  marked  inhibition,  chlch,  . 
however,  appears  to  approach  a limiting  value  as  the  acid  con- 
centration is  increased.  81nos  the  extinction  coefficient  ia  not 
altered  appreciably  by  the  presence  of  the  acids  (23,  30),  this 
effect  represents  a true  inhibition  and  not  merely  action  as  a 
radiation  screen.  Komfeld  (£4) , in  reporting  this  effect  for 
sulfuric  acid,  concluded  on  theoretical  grounds  that  the  rate  in 
strong  acid  at  moderate  radiation  intensities  should  approach  33X 
of  that  in  neutral  solution.  According  to  Lea  (23) , at  very  high 
radiation  intensities  (above  about  3 a lO1^  quaat^l.  sac.)  and 
at  hydrogen  peroxide  concentrations  of  O.O^-O.O^f,  the  quantum 
yial-d  becomes  independent  of  pH  in  the  range  1-5,  This  behavior 
at  high  radiation  intensities  is  corroborated  by  Heidt  (29),  who 
reported  only  a minor  effect  of  sulfuric  acid  up  to  a concentra- 
tion of  4.1  M,  when  wording  at  an  intensity  of  about  3 x 1C ' f 
quanta/ 1.  sec.  and  hydrogen  peroxide  concentrations  of  about  4 *1. 

8txong  bases  are  far  more  effective  Inhibitors  than  acids. 
Their  presence  also  results  in  a marked  lnorease  ia  the  extinction 
ooeff loient  (23,  29).  It  is  notable  that,  ia  the  absence  of 
radiation,  bases  produce  the  opposite  effect  and  strongly  acceler- 
ate decomposition  (see  Chapter  9)*  Consequently,  measurements  of 
decomposition  by  radiation  in  the  presence  of  bases  becomes  dif- 
ficult because  of  the  large  correction  for  the  dark  reaction. 

Alkali  and  alkaline-earth  salts  of  strong  acids  (except- 
ing halidaa)  are  without  effect.  Conflicting  results  are 
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reported  on  the  effect  of  halides.  According  to  Matthews  and  Curtis 
(^l),  they  exert  only  a slight  inhibiting  aotionj  however,  Anderson 
and  Taylor  (30)  report  Barked  Inhibition,  ehioh  becomes  less  Barked  in 
the  presence  of  salts  having  a oat  ion  common  to  the  halide  salt. 

Hunt  and  Tonbe  (32)  reported  bromide  and  ohloride  to  be  without  effect. 

Anderson  and  Taylor  (30)  have  reported  the  effect  of  a large 
number  of  organic  compounds  on  the  photcchemioal  decomposition  at 
wave  lengths  of  2000,  2650,  2930,  and  3O5O  2,  They  have  compared  the 
inhibitive  notion  at  various  save  lengths  with  absorptivity  of  each 
compound  at  each  wave  length  and  find  parallel  behavior— high  sbeorpr- 
tivity  corresponding  to  high  inhibitive  activity— for  acids , esters, 
amides,  ketones,  bensene , and  alkaloids.  Alcohols  inhibit  more  than 
would  be  expected  froa  their  absorptivity.  Amines  show  no  correlation 
and  may  act  in  a different  manner  because  of  their  baeio  nature.  All 
these  compounds  *>re  lees  effective  when  used  as  a light  screen  than 
whan  added  directly  to  the  hydrogen  peroxide.  From  this,  Anderson 
and  Taylor  concluded  that  these  organic  Inhibitors  influence  the 
mechanism  of  decomposition,  in  addition  to  acting  as  radiation 
absorbers.  Matthews  and  Curtis  (31)  also  investigated  several  organic 
additives:  in  mixed  light  of  wave  length  above  25OO  2. 

The  frequently  erratic  results  of  single  investigators  and  poor 
quantitative  agreement  between  results  from  different  sources  indicate 
that  quantum  yields  are  markedly  affected  by  adventitious  impurities. 
The  particular  sensitivity  to  pH  has  been  noted  previously.  According 
to  Henri  and  Wurmser  (23),  as  little  as  2 p.p.m.  of  sodium  hydroxide 
reduces  the  rate  to  60  per  cent  of  its  normal  value.  The  influence 
of  alkali  leached  from  glassware,  of  traces  of  ammonia  in  distilled 
water,  or  of  atmospheric  carbon  dioxide  may  thus  be  significant. 

Tian  (33)  reports  that  rates  are  affected  appreciably  by  the  purity 
of  the  distilled  water  used  for  dilution,  as  measured  by  conductivity. 
Kornfeld  (?4)  states  that  a consistent  effect  of  variables  oould  be 
obtained  in  tests  on  a given  shipment  of  a certain  commercial  hydrogen 
peroxids,but  that  quantitative  yields  diffarsd  markedly  between  dif- 
ferent shipments.  Rioe  and  Kilpatrick  (3^)  report  that  the  rate  of 
photochemical  decomposition  is  directly  proportional  to  the  concen- 
tration of  dust  particles,  as  measured  by  light  scattering.  It  is 
evident  that,  as  with  studies  on  the  stability  01  hydrogen  peroxide, 
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extreme  oaro  in  purification  and  handling  io  necessary  to  obtain 
consistent  results.  For  example,  a desoription  of  the  elaborate 
precautions  taian  In  reoent  work  la  given  by  Dainton  and 
Rowbottoo  (26). 

Fee  studies  of  the  photooheaical  decomposition  of  the  vapor 
have  been  made.  Some  fragmentary  studies  have  been  reported 
(12,  55)j  the  most  reoent  and  complete  is  that  of  Volmaa  (36), 

In  which  hydrogen  peroxide  vapor  initially  at  a partial  pressure 
of  1.23  ma  Eg  (0.39  mm  Eg  Qot  eater  vapor  pressure  also  present) 
eaa  illuminated  eith  2337  A radiation.  The  quantum  yield  me 
found  to  be  1.7  - 0.4,  independent  of  the  hydrogen  peroxide 
pressure,  and  independent  of  temperature  over  the  range  of  : 

25-g 0®0,  So  hydrogen  me  found  in  the  products,  and  addition 
of  oxygen. or  nitrogen  did  not  affect  the  rate. 

Eechaaiam.  Reported  quantum  yields  vary  from  approximately 
one  up  to  several  hundred.  In  agreement  with  experiment , long 
chains  mould  be  expected  eith  lor  intensity  radiation  and  high 
hydrogen  peroxide  consent  rations.  As  the  light  intensity  le 
increased,  the  ohain  length  will  decrease  and  a cumber  of  experi- 
menters have  reported  values  of  the  1 'limiting  quantum  yield1 ' 
obtained  at  the  highest  intensity,  in  which  chain  reactions  are 
presumably  minimised  or  eliminated.  The  adventitious  effeots 
of  impurities  are  also  minimized  under  such  conditions , The 
lowest  quantum  yields  reported  by  various  nr orhers  are  given  in 
Table  3. 

The  initial  photochemical  aot  has  been  assumed  by  recent 
investigators  to  be 

HgOg  + h * 203  (7) 

In  support  of  this,  Urey,  Dawsey,  and  Rios  (20)  present  data  to 
show  that  the  eaiaaion  spectrum  of  hydrogen  peroxide  vapor, 
when  streamed  rapidly  through  a cool  discharge  tube,  is  pre- 
dominantly that  of  the  eater  banda—fcnown  from  independent  data 
to  be  due  to  hydroxyl  radicals.  Similarly,  they  state  that 
when  hydrogen  peroxide  ia  irradiated  at  wave  lengths  of  2025~213<5 
the  water  bands  appear  in  fluorescence. 


E3i&*  (29) 


Volzs&a  (36) 


Daiat-oa  aadi 
0tS< 


3130 


Hasat  aad  ?aafc#  2*5*7 

(?2)  w 


253? 


253? 


0.02  ~ O.g 


x.39  ± o.n 

1.7±  0.4 

0.93  t 0.05 
a*  25°0 
0.76  ± 0.05 

at  0°0 
1.7  t 0.4 


1.9  t o.a. 
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Lea  (25)  quotes,  ae  confirmation  for  this  Initial  reaction, 
the  fact  that  hydrogen  peroxide  is  a photoeensltioer  for  the 
polymerization  of  vinyl  compounds  just  as  the  eleotron  transfer 
reaction, 


Fe++  + HgOg v Fe+++  + 03  + 0H~  ($) 

shioh  is  also  a source  of  hydroxyl  radicals,  is  a thermal  const- 
tiser.  Von  Kibe  (5?)  states  that,  if  the  initial  reaction 
formed  Hg0  + 0 as  products,  no  reaction  with  hydrogen  or  with 
oarbon  nonoxide  would  be  expeoted,  as  oxygen  atoms  reaot  with 
hydrogen  peroxide  much  faster  than  with  hydrogen  or  with  oarbon 
nonoxide.  Fro  a the  faot  that  reaction  between  hydrogen  peroxide 
and  each  of  these  two  gases  does  in  faot  occur  under  radiation, 
he  oonoludes  that  the  initial  reaot ion  is  not  that  forming  Boar 
atonic  oxygen  but  probably  that  represented  by  Equation  (7).  The 
only  conflicting  evidence  comes  from  the  recent  studies  of 
Hunt  and  Taube  (32)  who  carried  out  the  photochemical  decomposi- 
tion with  relatively  high  absorbed  intensities,  using  013- 
enriched  water,  together  with  the  hydrogen  peroxide.  The  oxy- 
gen formed  was  found  to  originate  completely  from  the  hydrogen 
peroxide.  However,  the  fractionation  offsets  observed  aeestd 
to  be  incompatible  with  the  postualte  that  OH  radicals  are  the 
only  net  products  of  the  initial  dissociation.  These  authors 
suggested  that  the  primary  act  was  Instead 


Hg02  + hv  ► 

followed  by 

0 + HgO?  v 


Hg0  + 0 

(9) 

OH  + HOg 

(10) 

They  also  suggested  the  possibility  that  reaction  (7)  occurred 
initially,  followed  by  reaot ion  in  the  solvent  cage  to  fora 
Hg0  and  0,  thus 


(11 ) 


2 OH 


■>-  h2o  + 0 


ir>6 


For  the  ohain  propagation  Haber  and  Willstiltter  (38)  have 


postulated  the  reactions 

OH  + HgOg  — 

— h2o  + ho2 

(12) 

HOg  HgOg  - 

* HgO  + Og  + OH 

(13) 

as  the  chain  propagation  mechanism,  following  reaction  (7). 

From  schemes  involving  these  reactions,  rfsiss  (39)  has  correlated 
the  kinetic  behaviour  of  the  system  hydrogen  peroxide-ozone,  and 
many  have  done  the  same  for  the  system  hydrogen  peroxide-iron  salts. 
Lea  (25)  reports  that  quantum  yields  at  high  radiation  intensities 
are  consistent  with  the  assumption  of  reactions  (12)  and  (13)  as 
the  chain  mechanism.  Kornfeld  (24)  oorralatad  the  kinetics  of 
photochemical  decomposition  of  hydrogen  peroxide  in  neutral  and 
acidic  solutions  by  assuming  that  reaction  (13)  takes  place  through 
the  ion  Of  formed  by  dissociation^  l.e.t 

H02  — ► H+  ♦ Og”  (14) 

Of  + HgOg > Og  + 0H“  + OH  (15) 

The  chain  termination  reactions  moat  generally  postulated  are 
one  or  both  of  the  following: 

2H0g  * HgOg  ♦ Og  (16) 

OH  + HOg  ► HgO  + Og  (17) 

By  applying  the  reaotion  system  (7),  (9)t  (l4),  (15),  and  (17), 
Kornfeld  (s4)  has  derived  kiaetio  equations  predicting  that,  over 
wide  ranges  where  the  ohalns  are  of  appreciable  length,  the  quantum 
yield  should  vary  as  the  first  power  of  the  hydrogen  peroxide  con- 
centration, aa  the  inverse  square  root  of  the  radiation  intensity, 
and  inversely  with  concantxat ion  of  hydrogen  ion.  These  predictions 
are  aitsfentiated  by  the  bulk  of  available  data  in  the  neutral  and 


acid  ranges,  However,  Kornfeld’s  soheme  prediots  an  inoxeaee 
in  the  quantum  yield  with  addition  of  baae,  whereas  strong  re- 
tardation has  been  reported  from  many  sources , It  appears  that 
In  the  basio  region  other  absorption  processes,  associated  with 
the  high  absorptivity  of  basio  peroxide  solutions,  may  be  signifi- 
cant. 

The  rate  equations  derived  by  Kornfeld  permit  calculation 
of  the  apparent  activation  energy  of  the  phot cchamioal  reaction 
(as  measured  by  the  change  in  quantum  yield  with  temperature) 
from  the  activation  energies  of  the  individual  reactions, 

Kondratfav  (40)  has  calculated  the  activation  energise  of  the  in- 
dividual reactions  from  theoretical  considerations,  and  predicts 
an  apparent  aotivation  energy  of  5.5  fcoal.  This  corresponds  to 
a temperature  coefficient  of  about  1.4,  which  is  within  the  range 
of  reported  values  (see  Table  2),  . Koadratfev,  however,  does  not 
give  details  of  his  calculations  or  values  of  activation  energies 
for  the  individual  reactions.  ■ 

Lea  (25)  reasoned  that  according  to  this  reaotion  scheme, 
the  photolysis  should  lose  tne  characteristics  of  a chain 
reaotion  at  sufficiently  high  radiation  intensities  and  low  con- 
centrations of  hydrogen  peroxide.  Under  these  conditions  the 
kinetic  equations  predict  that  the  quantum  yield  should  be  in- 
dependent of  intensity  and  hydrogen  peroxide  concentration.  In 
agreement,  he  found  that  at  intensities  above  3 x 10*^  quanti/l. 
x aec.,  the  quantum  yield  was  1, 3 9,  independent  of  radiation 
Intensity,  of  peroxide  concentration  between  0.010  and  0.03^  M, 
and  of  pH  between  1 and  6, 

The  fact  that  the  quantum  yield  was  independent  of  pH  at 
these  high  intensities  is  taken  to  indicate  that  here  reaction  (13) 
proceeded  as  written,  and  not  through  the  ionic  mechanism  (l4  + 15) 
proposed  by  Korafeld,  Haber  and  Weiss  (4l)  also  have  pointed  out  * 
that  the  inhibitory  effect  of  acid  at  lower  radiation  intensities 
may  be  due  to  acceleration  of  -a  termination  reaction  by  hydrogen 
ion,  instead  of  to  Kornfeld^  ionio  mechanism  represented  by 
(l4  + 15).  Further  discussion  of  the  mechanisms  involved  and 
comparisons  of  the  mechanisms  of  photolysis  and  radiolysis  of 
hydrogen  peroxide  solutions  may  be  obtained  from  the  recent  papers 
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by  Dalnton  and  Rowbottom  (s6)  and  by  Halos  (42) . 

Dgoompoflltlon  by  Ionizing  Radiation 

Ths  phenomena  observed  under  bombardment  by  ionizing  radiation 
ara  more  difficult  to  interpret  than  those  occurring  under  ultra- 
violet radiation.  Hot  only  are  ionized  particles  involved  in  addi- 
tion to  those  found  in  photolysis,  but  sinoe  free  radloals  are  pro- 
duced along  the  trades  of  the  fast  partloles,  they  may  be  distributed 
non-unlformly  throughout  the  solution.  Consequently  rates  of  diffu- 
sion and  other  complicating  effects  may  become  important,  if^st  radio- 
chemical decomposition  studies  have  been  made  with  x-ray  or  Y radiation. 
In  dilute  aqueous  solutions,  with  which  most  of  the  studies  axe  con- 
cerned, the  primary  not  will  be  decomposition  of  water  into  H and  03, 
some  of  which  in  turn  will  Immediately  form  Bp  and  BgQg  (see  Chapter  2), 
If  the  conditions  in  the  radiolysis  are  such  that  the  chain  carriers 
are  relatively  uniformly  distributed,  as  would  ooour  for  example  with 
high  doaage  rates  and  relatively  long-lived  radicals,  then  the  reactions 
following  the  primary  act  would  be  expeoted  to  be  similar  to  those 
occurring  in  photochemioal  decomposition.  The  only  additional  chain 
carrying  reactions  would  be  those  proceeding  from  the  H atoms 


H + H202 

>■  OH  + Hg0 

(18) 

and 

H * 02  — 

— HOj 

(19) 

With  uniform  distribution  of  radicals,  the  mathematical  formulation 
of  the  dependandy  of  the  radiolysis  rate  on  hydrogen  peroxide  concentra- 
tion and  dose  rate  becomes  the  same  as  in  the  photolysis,  e.g. , for 
conditions  in  which  long  chains  are  formed,  the  moles  of  hydrogen  per- 
oxide decomposed  per  unit  time  should  be  proportional  to  the  hydrogen 
peroxide  concentration  and  to  the  square  root  of  the  radiation  intensity 
(total  radiation  absorbed  per  unit  volume  and  per  unit  time).  The 
square  root  relationship  of  the  radiation  intensity  is  experimentally 
confirmed  bT  several  investigators  (26,  4},  44,  45)  using  x-ray  radia- 
tioa  or  CofeD  Y radiation.  At  high  concentrations,  the  reaction  rate 

has  also  been  found  to  be  approximately  proportional  to  the  hydrogen 
peroxide  concentration  (4'6)  but  at  lower  concentrations  the  rate  is 
instead  proportional  to  the  half  power  of  the  hydrogen  peroxide  con- 
centration (44,  45)  or  even  independent  of  the  concentration  (4?), 
Nevertheless,  all  these  results  axe  consistent  with  the  expectation 
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that  the  reaotion  chains  would  become  short  or  non-existent  as 
the  concentration  is  lowered.  The  mathematical  relationships 
would  be  more  complex  when  short  chains  are  involved.  However, 
the  half-power  concentration  relationship  has  also  been  found 
recently  for  concentrations  as  high  as  one  molar  by  Hart  and 
Matheson  (4})  and  a chain  reaotion  terminated  by  a third  order 
reaotion  such  as 

22°2  ♦ HgOg ► 2Hg0g  ♦ 02  (20) 

was  postulated  by  them  in  order  to  explain  these  results. 

Studies  have  also  been  reported  (45,  47,  4&,  49,  50) 
of  the  effect  under  x-ray  and  y radiation  of  various  solutes 
added  to  the  hydrogen  peroxide  solutions  and  particularly  of 
the  role  of  hydrogen,  since  it  is  one  of  the  primary  products 
formed  from  the  decomposition  products  of  water.  The  deoom- 
position  of  aqueous  hydrogen  peroxide  solutions  by  fi  and  y rays 
from  radium  has  been  studied  by  Kalian  (4g)  and  that  by  Y radia- 
tion and  neutrons  has  been  investigated  by  Hopwocd  (5),  Recant 
studies  by  Ebert  and  Boag  (52)  on  the  formation  and  decomposition 
of  hydrogen  peroxide  showed  marked  differences  between  the  results 
obtained  with  1 Hav  electrons  and  1.2  Hav  x-raya  on  the  one  hand 
and  lower  energy  (200  kv)  x-raya  on  the  other.  This  field  is  in 
a rapid  stage  of  development  and  a much  clearer  picture  of  the 
processes  occurring  under  radiation  bombardment  should  develop 
in  the  near  future.  Recent  summaries  of  the  state  of  knowledge 
in  this  area  have  been  made  by  Dainton  and  Rowbottom  (26)  and 
Weiss  (42,  53).  See  also  the  discussion  in  Chapter  2 on  forma- 
tion of  hydrogen  peroxide  under  radiation. 

ELECTROLYTIC  DECOMPOSITION 

Aqueous  solutions  of  hydrogen  peroxide  may  be  electrolyzed 
to  yield  molecular  hydrogen  and  oxygen^  at  high  ourrent  densities 
the  over-aU  process  is 

H202  > H2  + 02  (21) 

As  the  currant  density  is  decreased  the  yield  of  hydrogen  becomes 
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leaa  than  that  indicated  by  reaotion  ( ?1 ) , ultimately  beooming  nil. 

In  all  oases,  hoover,  oxygen  Is  liberated  quantitatively  In  the 
proportion,  one  mole  of  oxygen  for  two  Faradays  of  eleot rioity.  These 
faots  were  established  by  a number  of  workers  (54,  55),  beginning 
with  Thenard.  The  undarlying  reasons  for  ths  changing  proportion 
of  hydrogen  produced  at  the  cathode  have  not  been  investigated. 

Welaa  (56)  observed  that  hydrogen,  a mixture  of  hydrogen  and  oxygen, 
or  oxygen  alone  was  given  off  at  the  cathode,  according  to  the  con- 
ditions of  current  density  and  hydrogen  peroxide  oonoentration, 
Albareda  (57)  concluded,  as  earlier  workers  had,  that  this  was  to 
be  explained  by  the  concurrent  catalytic  decomposition.  Tanatar  (55) 
assumed  reaotion  of  hydrogen  and  hydrogen  peroxide  to  produce  tco 
moles  of  water.  Hydrogen  peroxide  has  been  observed  (53)  to  affect 
the  overvoltage  of  hydrogen. 

The  reaotion  at  the  anode  whereby  oxygen  is  released  has  received 
more  intensive  study  (59 1 £0,  6l).  Hickllng  and  Wilson  (59)  determined 
the  current-voltage  curves  for  hydrogen  peroxide  solutions  in  contact 
with  a number  of  electrode  materials.  In  a 0.01  U hydrogen  peroxide 
solution  current  flow  began  at  approximately  0.1  volts.  A plateau 
then  appeared  in  the  current-voltage  curve,  the  height  of  which  is 
dependent  on  concentration  and  stirring.  Hickling  and  Wilson  con- 
cluded that  the  anode  process  in  alkaline  solution  is: 

HOg”  - Og  + H+  + Se~  (22j 

In  acid  or  neutral  solution  and. with  all  electrodes  except  platinum 
the  main  process  appeared  to  occur  at  a potential  at  ifcich  electroly- 
sis of  the  supporting  eleotrolyte  began  to  occur.  The  conclusion 
therefore  seemed  warranted  that  the  hydrogen  peroxide  decomposition 
under  these  conditions  depends  on  interaction  with  some  intermediate 
Involved  in  the  ordinary  anodic  evolution  of  oxygen,  very  likely 
hydroxyl  radical.  Further  study  and  comment  on  meohanisms  of  anodic 
decomposition  of  hydrogen  peroxide  has  been  provided  by  Rius  and 
Ooon  (60)  and  Krasil’shohikov,  Volchkova,  and  Antonova  (6l).  The 
.letter  authors  have  provided  an  equation  relating  overvoltage  with 
pH  and  hydrogen  peroxide  concentration. 
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Theae  ooaoiderat ions  a re  of  course  also  of  concern  in 
polarography  (6?),  whether  hydrogen  peroxide  la  present  initially 
or  formed  through  reduction  of  oxygen  (63),  Of  particular 
interns t la  tha  oxygen  l&duoad  decomposition  of  hydrogen 
peroxide  (64-)  which  has  bean  suggested  to  proceed  through  a • 
taok  by  superoxide  ion,  la  the  presence  of  oertaln  metal  ions 
tne  polarographlo  raduotloa  of  hydrogen  peroxide  Is  likewise 
oatalysed  (63). 

ESC Q4P03IT10H  13  TH3  LIQUID 

PHAS3  BT  I30RQA3IC  CAT  ALTO?  3 

Although  there  exists  a large  body  of  literature  deal lag 
with  the  catalytic  decomposition  of  liquid  hydrogen  peroxide, 
a great  part  of  it  finds  preseat  value  only  as  a descriptive  4 
guide.  This  is  caused  partly  by  the  inherent  difficulty  of  the 
subject  and  the  slowness  with  which  aa  understanding  of  catalysis 
la  general  has  been  developed.  To  an  even  greater  extent , how- 
ever, the  advance  of  knowledge  about  hydrogen  peroxide  decomposi- 
tion has  been  hindered  by  inadequate  scope  and  dependability  of 
experiment,  la  many  oases  it  is  only  possible  to  say  that  cataly- 
sis takes  place  and  observations  have  not  been  made  or  are  ques- 
tionable in  regard  to  the  effects  of  concentration,  pi,  temperature, 
the  presence  of  impurities  or  additional  components,  and  the 
state  of  the  catalyst.  These  are  of  course  the  data  required  la 
any  kinetic  study,  and  it  is  only  in  the  systems  which  have 
received  scrupulous  attention  that  adequate  mechanistic  descrip- 
tions oaa  be  offered,  A faotor  of  particular  importance  here 
Is  the  effect  of  traces  of  extraneous  materials  in  the  hydrogen 
peroxide,  such  aa  adventitious  impurities  or  those  from  the 
manufacturing  process  or  deliberately  added  stabilisers.  Much 
work  has  been  carried  out  with  hydrogen  peroxide  of  questionable 
purity,  particularly  in  earlier  investigations  reported  in  the 
literature. 

Catalysis  by  the  halogens,  platinum,  iron,  and  easymea  has 
probably  received  tha  greatest  attention.  Soma  other  elements 
have  been  investigated  briefly  or  not  at  all,  Figure  4-  summarises 
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the  state  of  knowledge  with  regard  to  the  occurrence  of  catalytic 
decomposition  of  hydrogen  peroxide..*  It  in  apparent  that  oatalysis 
Is  encountered  with  many  substances,  including  the  heavy  and 
transition  metals,  whioh  show  high  catalytic  activity  in  many 
other  systems.  Some  oaution  should  be  exeroized  in  interpreting 
Figure  4.  The  facts  presented  have  been  taken  in  some  oases 
from  literature  reports  whioh  are  doubtful,  and  the  oonoiseness  of 
the  figure  does  not  permit  many  pertinent  qualifications  which 
are  discussed  below  in  considering  the  Individual  elements. 

Entries  in  Figure  4 may  be  non-equivalent  beoause  of  the  relative 
reliability  of  ths  reports  depended  on,  the  variations  in  fora 
of  oatalyst,  whether  homogeneous  or  heterogeneous,  element  or 
compound,  compared  at  similar  pH,  eto.,  and  especially,  the 
differences  and  variability  in  the  rate  of  catalysis.  The  range 
of  decomposition  rates  Is  quite  large.  For  example,  under  similar 
conditions  metallic  antimony  is  nearly  inert,  whereas  osmium  and 
lead  can  induce  the  decomposition  at  rates  described  as  explosive. 
Gradations  of  activity  among  related  elements  are  observed,  as  in 
the  series  zinc,  cadmium,  and  mercury.  More  abrupt  is  the  change 
from  stabilizer  to  aotlve  oatalyst  in  going  from  tin  to  lead. 

In  the  following  discussion  a few  general  oomments  are  given 
on  the  characteristics  of  homogeneous  and  heterogeneous  decomposi- 
tion. Following  this  there  is  presented  a survey  of  the  litera- 
ture on  oatalytio  decomposition  arranged  aocording  to  the  position 
of  the  elements  in  the  periodlo  table,  using  the  system  adopted  by 
Latimer  (66).  The  mbjeots  of  periodic  decomposition,  promotion, 
inhibition  and  poisoning  are  then  briefly  considered.  There  are 
several  oharaterlstios  of  the  oatalytio  mechanisms  whioh  are 
exhibited  in  oommon  by  several  elements,  e.g. f the  solubility 
product  orlterion  for  initiation  of  oatalysis.  It  has  been  attempted 
to  discuss  a typioal  example  of  such  a characteristic  in  full 
for  at  least  one  instance.  As  general  references  and  introductions 
to  the  subjeot  of  oatalysis  there  may  be  recommended  the  book 
by  Sohwab,  Taylor,  and  Spence  (67),  the  monograph  by  Eerkman, 

Morrell,  and  Egloff  (68),  and  the  series  of  volumes  edited  by 
Emmett  (69).  Comparison  of  the  decomposition  processes  of  hydro- 
gen peroxide  with  those  of  other  peroxides  has  been  made  only 
■^TFie  IncIIoaET5n_on  Fig.  4 that  an  element  Is  not  catalytic  should 
not  ho  interpreted  to  mean  that  It  can  be  used  as  a material  of 
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in  a few  instances,  e.g. . with  barium  peroxide  (70)  and  tetralin  hydro-  j 

peroxide  (?l).  Some  reasons  for  fundamental  differences  in  this 
respect  are  discussed  in  Chapter  7,  The  experimental  techniques  for 
studying  hydrogen  peroxide  decomposition  are  not  particularly  unique,  j 

although  some  special  procedures  have  been  described  (72).  p ' 

Homogeneous  Catalysis 

Homogeneous  catalysts  are  those  substanoas  which  exert  a oata- 
lytio  effect  while  present  in  true  moleoular  solution.  Such  catalysis 
of  hydrogen  peroxide  has  been  excellently  reviewed  recently  by  ^ 

Baxandale  (73) , and  this  review  should  be  consulted  for  more  extans-  j] 

ive  comments  of  a general  nature  and  for  description  of  the  I 

homogeneous  catalyses  which  coour  with  the  halogens,  iron,  copper,  j 

permanganate,  chromium,  molybdenum,  and  tungsten.  Baxandale  points  - ! 

I 

out  that  two  general  theories  have  beea  advanced  to  account  for  the  j 

mechanisms  of  homogeneous  catalysis.  One  postulates  the  formation 
of  highly  reaotive  intermediates,  usually  peroxides,  formed  from 
hydrogen  peroxide  and  catalyst  which  subsequently  decompose  to 
yield  anew  the  catalyst.  Va®  second  theory  proposes  the  alternate 
oxidation  and  reduction  of  the  catalyst  in  a sequence: 


Reduced  catalyst  + HgOg  — 

— ^ Oxidized  catalyst  + HgO 

(23) 

Oxidised  catalyst  + HgOg  - 

^ Reduced  catalyst  + Og 

m 

The  net  result  of  such  a cycle  is  just  the  decomposition  of  hydrogen  f. 

peroxide  as  in  raaotioa  (l).  This  theory  finds  particular  support  in  j 

the  fact  pointed  out  by  many,  e.g. . Haissinaky  f p)  , that  many  of  j 

the  most  active  catalysts  are  elements  which  may  assume  several 
valence  states.  It  should  be  noted  that  although  an  oxidation- 
reduction  scheme  such  as  reactions  (23)  and  (?*$>)  indicate  may  be 
oalculated  to  be  thermodynaaioally  favorable,  one  or  both  of  the 
reactions  may  not  occur,  as  lio  Alpine  (73)  has  shorn  for  several 
hydrogen  peroxide  reactions. 

All  the  homogeneous  catalyses  (and  many  heterogeneous  ones) 
can  be  accounted  for  qualitatively  by  one  of  these  two  schemas,  al- 
though the  ultimate  mechanisms  axe  undoubtedly  more  intricate. 
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Thua  Baxendale  classifies  catalyses  proceeding  by  free  radical 
ohaia  mechanisms  as  oyolio  oxidation  and  reduction,  and  an 
emphasis  oa  the  role  of  perhydroxyl  ioa  (76)  is  similarly  only 
the  assumption  of  inoreaoed  detail,  8ome  other  mechanistic 
schemes,  eepeoially  those  involving  tautomerio  forms  of  hydro- 
gen peroxide,  are  no  longer  admissible.  Another  aspect  is  the 
so-oalled  "thermal  decomposition, ' ' that  is,  the  decomposition 
occurring  In  purified  hydrogen  peroxide,  particularly  at 
elevated  temperatures.  As  the  work  of  Rloe  and  Reiff  (77), 
Livingston  (73),  and  the  diaouasion  in  Chapter  9 demonstrates, 
this  thermal  decomposition  ia  to  he  aaoribed  largely  to  hetero- 
geneous catalysis  by  the  containing  vessel  or  by  suspended 
matter.  Although  long  chains  involving  a repetition  of  homo- 
geneous processes  may  possibly  be  involved  under  some  condi- 
tions, Initiation  of  the  chains  ia  by  calls  or  traces  of 
Impurity.  Even  with  the  purest  hydrogen  peroxide  studied  and 
at  elevated  temperatures,  the  decomposition  observed  in  the 
liquid  phase  is  not  a homogeneous  autodeoomposition  process 
of  the  hydrogen  peroxide  itself. 

The  relationships  between  homogeneous  and  heterogeneous 
catalysis  have  roceivad  little  attention,  largely  because 
elements  chich  give  rise  to  both  modes  of  catalysis  have  not 
been  studied  over  the  entire  range  of  variables  such  as  pH  and 
concentration  which  determine  the  state  of  the  catalyst.  Iron 
provides  an  illustration  of  a catalyst  with  which  the  transi- 
tion from  homogeneous  to  heterogeneous  mechanism  can  be  observed. 
In  acid  solution  reaction  is  purely  homogeneous.  If  the  pH  is 
increased,  however,  colloidal  material  may  begin  to  appear  and 
a concurrent  change  in  rate  may  ooour,  as  illustrated  in  rig.  9 
of  Chapter  9*  At  even  higher  pH,  gross  precipitation  may  be 
observed  together  with  further  kinetic  changes.  Other  changes 
ia  physical  form,  such  as  supporting  the  catalyst,  sintering  it, 
ox  changing  its  crystal  structure,  can  of  course  also  greatly 
affect  the  rate  observed.  With  the  exception  of  some  uncertainty 
at  the  pH  where  colloidal  matter  is  first  being  formed  there 
exists  no  doubt  regarding  the  transition  from  homogeneous  to 
heterogeneous  decomposition  aa  pH  is  increased,  Hovaver,  there 
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is  considerable  doubt  about  the  nature  of  the  transition  in  raeohaniora. 

In  some  instances  both  modes  of  decomposition  can  be  accounted  for 
qualitatively  by  the  same  mechanism,  e.g. . cyclic  oxidation  and  reduc- 
tion. At  the  same  time  completing  or  preolpitation  of  the  o&talyat  ai 
oolloid  or  solid  may  determine  the  fraotion  of  the  gross  amount  of 
oatalyst  present  that  is  actually  available  for  reaotion,  thereby 
affecting  the  decomposition  rate  observed.  Such  a circumstance  is 

m 

encountered  in  polymerization  catalysis  with  peroxides  {79),  Or,  in 
purely  heterogeneous  catalysis,  the  degree  of  dispersion  of  the 
solid  will  affect  the  rate  observed  by  its  effect  on  the  surface 
exposed  to  the  medium.  In  contrast  there  is  the  diatinot  possibility 
that  the  change  in  going  from  a homogeneous  system  to  a heterogeneous 
one  Change  the  fundamental  character  of  the  reaction  undergone  by  the 
hydrogen  peroxide,  1,9. . from  an  ionic  to  radical  mechanism.  Possibly 
there  may  be  a relatively  gentle  gradation  from  one  to  the  other  as 
conditions  are  altered.  In  distinguishing  between  homogeneous  and 
heterogeneous  catalysis  there  must  be  considered  the  possible  contri- 
bution to  the  former  of  adsorption  from  solution.  Thus,  argentous 
silver,  which  is  noa-catalytic  when  dispersed  homogeneously  is 
easily  adsorbed  by  glass  (20).  In  the  adsorbed  state  it  may  be  renders  d 
catalytic,  either  by  overt  reduction  or  perhaps  only  through  polariza- 
tion (21).  Similarly  the  later  use  of  the  glass  surface  in  contact 
with  a more  alkaline  solution  may  activate  adsorbed  silver.  This  is 
particularly  noticeable  on  the  surface  of  a glass  electrode. 

Heterogeneous  Cat alvei! 

Progress  In  predicting  or  determining  the  mechanism  of  the 
decomposition  of  hydrogen  peroxide  by  heterogeneous  catalysts  has 
been  disappointingly  slow  and  lags  well  behind  the  understanding  of 
homogeneous  catalysis.  This  position  la  not  unique  to  hydrogen 
peroxide,  but  is  common  la  moat  instances  of  heterogeneous  oatalyaia. 

The  study  of  hydrogen  peroxide  decomposition  is  of  particular  inter- 
est in  this  field  because,  of  the  many  effective  catalysts  which  will 
carry  out  this  one  net  process,  Bven  though  the  number  of  ways  in 
which  the  hydrogen  peroxide  molecule  itself  can  be  initially  disrupted 
la  limited,  the  subsequent  courses  of  the  catalytic  mechanisms  must 
include  considerable  variety.  Additional  complexity  is  introduced 
by  the  variety  of  possible  forms  of  the  solid,  such  as  colloids, 


Amorphous  precipitates , o ry stale,  prid  supported  substances. 

The  present  state  of  understanding  of  heterogeneous 
oatalysls  in  general  is  well  presented  in  the  series  of  volumes 
edited  by  Emmett  (69).  Fundamental  aspeots  of  the  nature  of 
solids  are  dealt  with  by  Seitz  (82),  Shookley  (83),  and  Gomer 
and  Smith  (84),  The  major  faotora  to  be  oonsidered  in  relating 
catalysis  to  electron  structure  are  recounted  by  Dowden  (85). 

A somewhat  less  comprehensive,  but  useful  oonoept  is  that  of 
the  polarization  of  atoms  in  solid  surfaoes  presented  by 
Weyl  (81,  84).  All  these  general  considerations  stress  the 
outstanding  importance  which  the  process  of  chemisorption  of 
hydrogen  peroxide  onto  the  catalyst  surface  must  play.  As 
Wheeler  (84)'  points  out  in  conolae  manner,  this  step  involves 
the  relatively  drastic  electronic  rearrangement  Involved  In 
electron  sharing  or  transfer.  Following  the  oonoept  of 
Boudart  (84),  the  surfaoe  may  be  visualized  as  acting  either 
as  a reservoir  of  particles  or  as  an  agent  to  loosen  or  dis- 
sociate hydrogen  peroxide  into  fragments  held  at  one  or  more 
sites  on  the  surfaoe.  These  fragments  may  react  subsequently 
with  molecules  Impinging  from  the  surrounding  fluid.  Concurrently 
there  will  ooour  processes  (strictly  to  be  considered  as 
homogeneous)  which  are  propagated  into  the  bulk  of  the  fluid 
or  take  place  in  the  film  of  fluid  near  the  surfaoe.  Both, 
physical  and  chemical  rate  processes  may  cause  the  state 
and  concentrations  of  substances  in  this  film  to  differ 
significantly  from  that  in  the  bulk  of  the  fluid  or  at  the 
surface  of  the  solid. 

There  are  several  viewpoints  and  general  characteristics 
of  the  heterogeneous  catalysis  of  hydrogen  peroxide  which  may 
be  pointed  out.  An  early  comprehensive  study  of  the  many  factors 
affeotlng  the  performance  of  a catalyst  for  the  decomposition 
of  hydrogen  peroxide  was  made  by  Bredig  and  von  Beraeok  (86), 

Sinoe  decomposition  of  hydrogen  peroxide  occurs  under 
oonditions  extremely  far  from  equilibrium,  it  might  be  expected 
that  oxygen  pressure  would  be  without  effeot  on  the  course  of  the 
reaction,  as  these  authors  noted.  Althoughthis  is  true  for 
homogeneous  oatalysls,  in  heterogeneous  reactions,  other 
phenomena  of  importance  to  the  reaction  mechanism  occur  which 


are  oarlcedljr  af footed  by  the  oxygon  proaaure,  Thua  Roltox  (37)  fcuad 
the  rate  of  decomposition  on  platinum  foil  to  be  Inoreaaed  by  reduction 
la  pressure,  presumably  because  adsorbed  gas  was  removed  from  the 
oatalyat  surface.  Others  hare  studied  the  effects  of  salts  (33), 
variation  of  solvent  (39),  light  (90),  and  the  magnetic  field  (91) 
on  hydrcgoa  peroxide  oatalysis,  Mush  coaoera  has  been  directed 
toward  the  problems  of  irreproduoibility  and  variability  of  aotivity 
related  to  changes  ia  particle  else,  total  euxfaoe,  and  opeolfio 
activity.  Although  the  importance  of  these  factors  has  beam  long 
recognized,  progress  has  been  hampered  by  inadequate  experimental 
techniques  for  evaluating  pertinent  factors,  More  recently  the  intro- 
duction of  procedures  for  date  raining  a io  restructure  by  electron 
aloroaoopy  and  surface  area  measurement  (92)  or  by  magnetic  sus- 
ceptibility neasuroaeats  (99)  has  improved  this  position,  but  totally 
adequate  means  for  character! slag  the  factors  responsible  for 
activity  are  not  yet  at  hind.  For  ©sample,  Cchwnb  (0)  has  noted 
that  if  the  rats  of  a catalytic  process  is  formulated  in  tarns  of  the 
Arrhenius  equation,  b * A asp  (-3/1^?),  then  the  activation  energy 
tern,  S,  ia  a characteristic  of  the  oystea  and  the  coefficient  A is 
deterainad  by  factors  which  Introduce  all  the  accidental  fluctuations 
and  irreproduoibilitiee  which  male  the  acquisition  of  consistent  data 
so  difficult.  An  ©sample  involving  hydrogen  peroxide  which  seen s 
to  be  well  accounted  for  in  this  Banner  is  evidently  to  be  found  ia 

the  vapor  decomposition'  oapsrintats  (13)  reported  in  Figure  1,  Thus 
the  parallel  curves  there,  which  deal  with  the  heterogeneous  regia#,  ■ • 
provide  evidence  of  similar  activation  energies  but  of  differing 
values  of  A latrcdaeod  by  adventitious  variations  ia  the  surfaces  of 
different  glass  tubes,  * 

As  the  foregoing  discussion  of  honsgeatcus  oatalysia  indicated, 
there  ia  of  tom  a striking  change  ia  catalytic  activity  ia  proceeding 
from  a hoaogemeous  eyatsa  through  ay  stems  with  solid  ia  various 
states  of  dispersion  and  activity.  Several  footers  contribute  to 
this  behavior,  and  numerous  iastaaoas  occur  ia  which  m hsadgeaeoBJ  • 
omtmlysia  takes  place,  Za  a relatively  early  attempt,  Eadinaveitia 
and  Aguirrachs  (95)  studied  the  effect  of  the  addition  of  coagulant 
upon  the  rate  of  decomposition  of  hydrogen  psroaids  ©a  a gold  sol. 

To  explain  the  aaxiiran  ia  rate  observed  it  was  noted  that  ioaieilly 
diepexaed  gold  vae  without  catalytic  effect  and  that  aaoroaoopio 


169 

fragment b of  metal  were  also  relatively  inert.  Thus  both  the 
presence  of  a solid  and  a high  degree  of  diapersioa  were  deemed 
accessary  for  effective  catalysis.  Other  studies  have  shown 
that  several  element s with  which  catalysis  is  not  observed 
when  the  system  is  completely  homogeneous,  e.g.^  silver,  manganese, 
lead,  and  cobalt,  do  not  begin  to  catalyze  the  decomposition  of 
hydrogen  peroxide  until  a certain  solubility  product  has  been 
exceeded.  At  higher  concentrations,  the  metal  or  its  hydroxide 
forms  a solid  phase,  the  pressnos  of  which  seems  to  be  required 
even  though  a oyolio  oxidation-reduction  scheme  might  be  thermo- 
dynamically favorable  in  the  absence  of  a solid.  .Once  formed, 
the  rate  of  decomposition  on  such  a surface  may  be  directly 
proportional  to  the  surface  area  developed.  This  was  demonstrated 
for  the  oase  of  manganese  dioxide  by  Parker,  Cohen,  and  Smith  (96), 
who  made  precise  surface  area  measurements  by  means  of  a nitrogen 
adsorption  technique.  Because  of  this  characteristic  solubility 
product  requirement  it  ia  Important  to  note  the  amphoteric 
properties  of  many,  or  perhaps  all  metals,  bright  and  Rideal  (97) « 
for  example,  concluded  that  solid  catalysts  might  be  expected  to 
be  most  active  at  the  iao-alectrio  point  of  the  solid  in  question. 
Fair  experimental  agreement  with  this ‘hypothesis  teas  found.  These 
characteristics  are  somewhat  superficial  and,  as  emphasised  above, 
the  more  fundamental  role  of  the  surface,  either  ia  regulating 
concent  ration  or  ia  providing  reaction  pathways  of  reduced  activa- 
tion energy,  must  be  determined  before  the  mechanism  can  be 
described  adequately.  There  is  no  indication  that  any  universal 
mechanism  (93)  la  applicable. 

The  important  subjeot  of  electron  transfer  between  hetero- 
geneous catalyst  and  substrate  haa  only  begun  to  be  considered  in 
the  oaae  of  hydrogen  peroxide.  Weiss  (56)  appears  to  have  been 
first  to  suggest  such  action.  He  proposed  that  the  rate  con- 
trolling step  ia  the  decomposition  of  hydrogen  peroxide  by 
metals  may  be 

HgO^  + metal  electron CH  4*  03  (25) 


It  was  pointed  out  that  auoh  action  on  oopper-niokel  alloys  should  be 
regulated  by  composition,  being  moat  rapid  in  the  copper-rich  region 
and  falling  to  lower  levels  of  aotivity  as  inoreaaing  proportions  of 
nickel  oauee  the  g.  eleotron  band  to  empty,  Weiss  emphasized  that 
this  behavior  was  to  be  Imagined  of  importance  only  if  the  acidity 
of  the  solution  were  such  that  no  corrosive  attack  occurred  and  only 
in  the  absenoe  of  an  oxide  film  thiok  enough  to  prevent  eleotron 
transfer.  The  oatalytio  aotivity  of  a series  of  alloys  of  lead- 
cadaiua,  tin-bismuth,  and  antimony-bismuth  composition  was  measured 
by  Kapustinskii  and  Shmelev  (99).  The  effectiveness  of  these  in 
decomposing  hydrogen  peroxide  was  correlated  with  the  melting  point 
diagram,  and  therefore  the  composition,  of  the  alloy  system.  The 
activity  was  observed  to  occur  at  the  phase  boundaries.  Dowdea  nnd 
Reynolds  (100)  experimented  with  foils  of  ooppar-aickel  alloys.  The 
foils  were  given  an  acid  pretreatment,  showed  no  sign  of  oxide  layer, 
and  were  tested  in  dilute,  neutral  hydrogen  peroxide  at  20°  to  £50°C. 
Over  the  investigated  range  of  70  to  100%  copper  the  decomposition 
rate  wae  found  to  diminish  with  decreasing  copper  content  in  accord- 
ance with  the  hypothesis  mentioned  above.  There  was  found  to  be  a 
linear  relation  between  frequency  factor  and  activation  energy, 
analagous  to  that  shown  for  a homogeneous  electron  transfer  process 
in  Pi-uxe  3 of  Chapter  7.  The  result  with  the  alloys  is  to  be  con- 
trasted with  the  homogeneous  instance,  however,  in  that  with  the 
alloys  the  substrate  is  the  same  and  it  is  the  catalyst  that  ia 
varied.  Arguments  were  developed  by  Dowden  and  Reynolds  to  show  that 
this  action  could  not  be  accounted  for  on  the  basis  of  an  intermediate 
oxide  film  formation.  It  has  been  stated  by  Schwab  (S4,  IGl), 
however,  that  primary  oxidation  of  the  catalyst  followed  by  fast 
oxygen  desorption  could  also  account  for  such  behavior.  This  conclu- 
sion was  related  to  experimental  work  with  iron  spinels  and  several 
alloy  systems.  Further  comments  on  the  role  of  electron  transfer  ia 
the  heterogeneous  catalyaia  have  been  made  by  Leach  (102). 

From  both  the  practical  md  theoretical  standpoints  it  is  of 
interest  to  compare  the  effectiveness  of  various  heterogeneous 
catalysts,  although  it  is  difficult  to  devise  a means  for  demonstrating 
the  effects  of  wide  ranges  of  important  variables.  A qualitative 
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survey  of  this  kind  was  made  by  Kaatlo  and  Olarke  (l0>),  and 
u olmllar  one  (iO^ ) la  presented  in  Fig.  5„  The  data  shown  were 
obtained  by  measuring  the  time  required  to  decompose  successive 
10  o.o.  portions  of  43  wt.%  hydrogen  peroxide  added  to  a solu- 
tion containing  0,0113  g.  of  the  metal  in  question,  added  as 
the  nitrate.  Initially,  10  o.o,  portions  of  hydrogen  peroxide, 
the  metal  salt  solution,  and  4 N sodium  hydroxide  were  mixed  to 
precipitate  the  metal  hydroxide.  The  decomposition  was  oarriod 

out  in  a large  flask  maintained  at  95°  to  100°0  and  surmounted 
by  a reflux  condenser  shich  permitted  less  than  107*  of  the  water 
vapor  produced  to  escape.  Although  no  quantitative  conclusions 
caa  be  reached,  this  comparison  shows  the  extreme  variation  in 
decomposition  rate  and  effects  of  dilution  and  aging  encountered. 
Acid  and  Alkali 

The  figures  presented  in  Chapter  $ to  illustrate  the  discus- 
sion of  the  effects  of  pH  on  the  stability  of  pure  hydrogen  per- 
oxide show  the  magnitude  of  the  changes  in  decomposition  rate 
which  can  be  induced  by  alteration  of  the  hydrogen  ion  concen- 
tration. It  la  clear  that  the  addition  of  either  acid  or  alkali 
to  uncoataraiaated  hydrogen  peroxide  solutions. increase^ the  decom- 
position rate.  In  the  case  of  acids,  the  most  reliable  basis  for 
this  conclusion  is  found  in  the  work  of  Roth  and  ShaaXey  (105) » 
who  studied  phosphoric , perchloric,  hydrof luorlc,  and  sulfuric  acids 
and  found  the  rise  in  decomposition  rats  with  decreasing  pH  to  bt 
independent  of  the  nature  of  the  acid  anion,  possibly  excepting 
phosphate.  Since  the  acida  were  equivalent  in  effect  and  per- 
chloric and  hydrofluoric  acids  do  not  form  peroxy  acida  it  was 
concluded  that  the  change  in  hydrogen  ion  alone  was  responsible. 
There  are  systems,  however,  in  which  the  acid  anion  participates. 

An  outstanding  example  is  nitric  acid.  Hatcher  and  MaoLauchlaa  (106) 
have  described  the  violent  decomposition  of  concentrated  hydrogen 
peroxide  which  can  occur  when  nitric  acid  is  added  in  a proportion 
of  about  50^  or  more.  The  decomposition  is  surface  catalysed  and 
is  characterised  by  an  induction  period,  the  appeaxano®  of  brown 
fumes,  and  the  production  of  an  osone-like  odor.  Although  it  has 
been  suggested  that  the  mechanism  of  this  decomposition  involves 
peroxy  acid  formation,  this  has  not  been  established,  Forbes  (10?) 
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has  pointed  out  that  when  a reduotant  is  added  to  colorless  nitric 
acid  little  happens  until  yellow  nitrogen  dioxide  appears. 

More  attention  has  been  paid  to  the  inoreased  decomposition 
brought  about  by  addition  of  alkali  to  hydrogen  peroxide,  although 
the  mechanism  is  no  better  understood,  Doyle  (103)  observed  the 
decomposition  of  5 wt,^  hydrogen  peroxide  at  70°0  over  the  pH  rangs 
5*7  9.7.  The  rate  expression  was  first  order  with  respect  to 

hydrogen  peroxide  concentration  over  the  entire  pH  range  in  aocord— 
anoe  with  the  finding  of  Burki  and  8ohaaf  (109).  A plot  of  the 
value  of  the  logarithms  of  the3e  reaction  rate  constants  as  a func- 
tion of  pH  showed  two  straight  lines  intersecting  at  pH  8.7.  This 
transition  was  remarkably  abrupt,  the  slope  being  0,2  below  pH  8.7 
and  2,6  at  higher /pH j these  are  the  non-integral  Inverse  orders,  0.2 
and  2.6,  of  the  hydrogen  ica  concentration.  Although  the  scope  of 
these  experiments  is  not  extensive,  it  appears  that  a change  in- 
rate  controlling  mechanism  occurs  at  pH  8,7j  that  at  lower  pH  perhaps 
being  heterogeneous  and. that  at  higher  pH  being  homogeneous.  It  can 
be  tentatively  concluded  that  the  order  with  respect  to  hydrogen  ion 
concentration  is  actually  -2  at  the  higher  pH'a*if  the  contribution  cf  the 
first  mechanism  is  subtracted  and  the  precision  of  the  work  is  con- 
sidered, The  transition  is  also  in  accord  with  Slater's  observation 
(llO)  that  changes  in  magnitude  of  decomposition  rate  occur  between 
pH 5 6 and  between  pH  3 and  $.  Other  reports  have  assarted  that 

with  further  addition  of  alkali  to  hydrogen  peroxide  a maximum  (ill) 
or  minimum  (112)  in  decomposition  rate  is  reached. 

No  completely  acceptable  mechanistic  explanation  of  the  acid 
or  alkali  induced  decomposition  is  available,  chiefly  because  of  the 
lack  of  reliable  kinetic  data.  Assurance  that  adventitious  impurities 
are  absent  is  particularly  important  (110,  113).  A role  for  perhy- 
droxyl  ion  has  been  cited  often  in  disoussion  of  the  base  catalysed 
decomposition'  for  example,  Abel  (ll4-)  suggested  the  maohaaisa  to  be 

H?0?  + H0?"  HgO  + 0g  + 0H~  (26) 

In  the  acid  catalysis  the  peroxonium  ioa,  H^0o+,  may  well  play  a 
role.  Further  precise  experimentation  should  permit  understanding 
of  the  mechanisms,  probably  as  an  example  of  specific  acid-base 


catalysts  in  which  the  decomposition  rate  can  be  expressed  as  the 
sum  of  two  or  three  kinetio  formulat iona  of  Bpecies  dependency. 
Oxygen.  Hydrogen 

Radicals  ouch  as  hydroxyl  and  perhydroxyl  appear  to  be  of 
considerable  Importance  in  hydrogen  decomposition  processes, 
but  their  appearance  aa  intermediates  makes  the  discussion  of 
them  more  appropriate  in  connection  with  the  elements  below.  It 
is  in  the  study  of  the  homogeneous  decomposition  by  iron  that 

the  most  extensive  consideration  of  these  species  has  been 
developed. 

The  Halogens 

With  the  exoeptlon  of  fluorine,  the  halogens  catalyse 
decomposition  of  hydrogen  peroxide  by  a homogeneous  cyclic 
oxidation-reduction  mechanism  *h  ich  can  be  represented  aa 
follows t 

HgOg  + 2l“  + X2  + 23g0 

Hg02  + Xg— 2X~  ♦ 2H+  + Og 

This  system  has  received  extensive  study,  leaving  no  doubt 
that  the  net  process  proceeds  as  above.  Furthermore,  the 
ia&ividu:!  reactions  have  bean  studied  separately,  and  the 
kinetics  eatabl iahed  in  terms  of  concentration  dependence, 
reaction  Kite  constants,  frequency  faotoxs,  and  activation 
energies  (?3,  115,  1X6) , and  upon  the  basis  of  this  knowledge 

the  rata  of  the  catalysis  may  be  predicted  fox  a given  set 
of  conditions , It  is  obvious  that  the  rates  of  ths  two 
reactions  must  be  equal  if  one  form  ui  the  catalyst  is  not  to 
become  exhausted.  Thus  when  the  initial  composition  differs 
from  this  • ’steady  state”,  there  occurs  net  oxidation  or 
reduction,  ^ichaver  is  appropriate,  until  the  steady  state 
concent  rat  lone  of  the  two  spec  lea,  halide  and  halogen,  axe 
reoched. 

The  subjeot  of  halogen  oatalyaia  has  been  very  adequately 
reviewed  (73,  11?),  Although  the  kinetics  of  the  net  reactions 
set  out  above  axe  readily  treated  mathematically  {ll$)}  the 
actual  mechanism  is  undoubtedly  more  complex,  Baxendale  (73) 


the 

(27) 

(£8) 
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has  discussed  the  details  of  the  kinetics  and  propoaod  tneohanisma, 
vhioh  Edwards  (116)  has  shown  to  have  the  characteristics  a of  reactions 
to  be  understood  aooording  to  the  principles  of  general  aoid-base 
catalysis.  Free  radioal  routes  have  been  suggested  to  ocour  (119) i 
but  these  have  been  rejeoted  (73,  120).  The  large  body  of  experi- 
mental work  dealing  with  both  individual  reactions  and  the  over-all 
decomposition  and  upon  which  these  conclusions  are  based  are  as 
follows:  chlorine  (121),  bromine  (122),  and  iodine  (123),  Iodine 
has  received  the  greatest  attention^ including  investigation  of  salt 
effects  (124),  the  effect  of  iodine  present  in  a non-hooogeaeous 
phase  (l25)t  *&d  solvent  effects  as  mentioned  in  Chapter. 7.  To  a 
lesser  extent  these  aspects  have  been  investigated  with  chlorine  and 
bromine.  This  is  also  true  for  the  less  well  understood  catalysis  by 
iodate  (126),  which  appears  to  proosed  aooording  to  the  schemes 


^0,,  + 210“  + 2H+ I2  ♦ 6h2o  + 50g  (29) 

5H2°p  ♦ I2  -*~PIO“  ♦ 4Hg0  + 2H+  (30) 

This  system  exhibits  an  interesting  periodicity.  The  effect  of  light 
upon  the  catalytic  decomposition  induced  by  bromine  and  iodine  has 
also  been  Investigated  (127). 

8ulfur,  gala alum.  Tellur  lira.  Polonium 


Sulfur  do 3 3 not  catalyse  the  decomposition  of  hydrogen  peroxide. 
8eleniua  decomposes  hydrogen  peroxide  (123)  by  a cyclical  oxidation- 
reduction  process  between  selenata,  830^*,  and  selenite,  SeO^,  not 
involving  the  doubtful  (12S)  peroxyaelenate  reported  by  Woraley  and 
Baker  (129),  Bone't-Maury  and  Lefort  (130)  observed  polonium  to 
catalytically  decompose  hydrogen  peroxide  at  a catalyst  concentration 
below  that  at  which  platinum  gave  a measurable  rate. 

Hltrosren.  Phosphorus.  Arsenic.  Antimony.  Bismuth 

With  the  exoeption  of  the  motion  of  nitrio  mold  discussed 
above  no  oatalytio  decomposition  involving  nitrogen  or  phosphorus  has 
been  reported.  In  the  course  of  their  unsuccessful  attempt  to  pre- 
pare peroxyaraenates  Levi  and  Ghiroa  (131)  found  arsenates  to  be 
catalytic.  Antimony  has  been  listed  (132)  among  substances  fo,pnd 
to  be  catalysts,  but  the  effect  is  certainly  a weak  cne  if  it  occurs  at 
all.  The  catalysis  reported  to  occur  with  bismuth  or  bismuth 
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oxide  (133,134)  seems  more  certain,  but  has  boon  commented  upon 
only  qualitatively, 

Carbon,  Silicon,  Oermanlum.  Tin.  Lend 

The  various  forms  of  carbon,  such  as  graphite  and  charooals 
from  diverse  souroes,  provide  heterogeneous  oatalysts  for  hydro- 
gen peroxide  decomposition  that  have  a number  of  Interesting 
characteristics.  The  aotlvity  of  oarbon  varies  considerably 
according  to  the  souroe  (135),  and  further  change  in  activity 
may  be  brought  about  by  speoial  treatment.  The  effect  of  the 
addition  of  salts  and  of  gelatin  upon  the  catalytic  activity  of 
sugar  charcoal  was  examined  by  Fowler  and  Walton  (136);  others 
have  studied  the  Influence  of  temperature,  grain  size,  hydrogen 
Ion  concentration,  radiation  (137),  concentration  of  hydrogen 
peroxide,  and  the  chemical  character  of  the  carbon  surface. 

The  absorptivity  of  the  surface  (138)  appears  to  be  the  most 
important  characteristic  that  can  be  described  at  present,  but 
the  effect  is  not  directly  proportional  to  absorptivity, 

Surfaoe  treatments  suoh  as  heating  and  nitrogen  treatment  (139) 
alter  aotivity  markedly.  A pure  sugar  charcoal,  shaken  with  a 
solution  of  hydrogen  peroxide  caused  only  a slight  evolution  of 
oxygen;  but  this  action  of  sugar  charcoal  oould  be  much  increased 
if  the  charcoal  was  heated  in  a vacuum  at  600®.  Charcoal  obtained 
from  cellulose  and  rice  starch  and  dried  at  100°  gave  the  strongest 
action;  that  obtained  from  dextrin,  inulln  and  wheat  starch  showed 
weaker  action;  hardly  any  action  was  noted  with  charcoal  from 
dextrose,  lactose,  maltose,  or  potato  staroh.  Crude  boneblaok 
or  blood  oharooal  deooapo3ed  hydrogen  peroxide  only  slowly  unless 
these  forms  of  oharooal  were  heated  first  in  vacuo  from  600° 
to  900°, 

Brinkmann  (160)  concluded  that  the  aotivity  of  oarbon  increased 
with  the  number  of  basic  surfaoe-sotive  groups,  which  oould  be 
estimated  by  the  ability  to  adsorb  hydroohlorio  acid  and  decreased 
with  increasing  number  of  aoidlo  surface-aotive  groups,  estimated 
by  sorption  of  sodium  hydroxide.  As  a measure  of  the  catalytio 
aotivity,  the  time  required  for  the  aotivity  to  drop  to  half  its 
former  value  was  measured  under  definite  conditions.  In  this  way 
small  changes  in  the  surface  condition  of  the  active  carbon  oould 
be  disclosed  and  evaluated.  A direct  connection,  however,  with 
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the  adsorptive  capacity  of  the  carbon  apparently  doea  not  exist  — uotlve 
forms  of  carbon  with  high  adeorptive  capacity  may  show  only  a very 
email  catalytic  aotivity  towards  hydrogen  peroxide,  while  poor  adsorp- 
tive oapaoity  may  accompany  strong  decomposing  ef facta. 

As  to  the  meohanlem  of  the  decomposition  of  hydrogen  peroxide 
by  active  carbon,  the  hypothesis  was  proposed  by  Brinkmann  that  at 

first  an  exchange  reaction  takes  place  between  aa  -OH  group  on  the 
carbon  surface  and  aa  -00H  ion  in  the  solution.  The  perhydxoxyl  ion 
thus  activated  by  being  added  on  suffers  either  eelf-deoompoaitlon, 
or  reacts  with  a hydrogen  peroxide  molecule,  reforming  a hydroxyl  ion. 

It  was  found  that  aotive  carbon  which  bora  on  the  surface 
essentially  only  aoldlo  groups  (after  being  subjected  to  an  oxidis- 
ing treatment),  in  spite  of  high  adsorptive  oapaoity  showed  no  measur- 
able catalytic  aotivity  toward  hydrogen  peroxide  in  neutral  solution, 
when  oars  was  taken  that  all  groups  were  present  in  the  hydrogen  fora 
( ns  in  -CCOH  groups).  But  when  the  acid  group  is  converted  by  alkali 
over  into  the  — GOOBs.  salt— grouping,  there  appears  catalytic  activity 
toward  hydrogen  peroxide,  which,  however,  is  very  email  compared  to 
that  of  an  active  carbon  with  basic  groups  attached. 

In  judging  the  magnitude  of  the  oatalytic  aotivity  of  aotive 
carbon  upon  the  decomposition  of  hydrogen  peroxide,  Brinkmann  pointed 
out  that  in  the  rapid  evolution  of  gas  from  the  surface  of  the  carbon, 
only  a email  fraction  of  the  available  basic  groups  are  involved, 
namely,  those  located  in  a outer  soas^  whereas  those  groups  which 
cover  the  inner  surface  in  the  pores  of  the  carbon  do  not  cone  into 
contact  with  the  molecules  or  ions  of  the  hydrogen  peroxide,  due  to  the 
marked  interference  with  diffusion  in  the  pores  caused  by  the  evolution 
of  the  oxygen.  That  this  relationship  is  actually  of  controlling  Im- 
portance can  be  seen  in  the  pronounced  dependence  of  the  decomposition 
rate  upon  the  grain  else  of  the  carbon.  The  latter  must  be  held  within 
narrow  limits  if  an  accurate  comparison  of  oatalytic  aotivity  is  to  be 
based  on  such  measurements. 

Certain  kinds  of  aotive  carbon  can  be  used  in  galvanic  cells  in 
place  of  manganese  dioxide.  It  is  known  empirically  that  a relationship 
exists  between  the  ability  of  a substance  to  decompose  hydrogen  peroxide 

and  its  electromotive  aotivity,  and  use  of  this  fact  has  been  made  in 
select irg  types  of  aotive  carbon  for  galvanic  elements. 


Silica  was  reported  to  be  a good  catalyst  by  Lemoine  (l4l) , 
but  later  work  (14-2,  l4^,  l44)  has  not  supported  this  view. 

Fells  and  Firth  (l42)  observed  that  no  decomposition  of  hydrogen 
peroxide  ooourred  in  a silicate  solution  until  gelation  commenced, 
suggesting  that  the  appearance  of  the  oolloidal  or  solid  phase  is 
required  to  Initiate  activity.  However,  Penner  (144)  concluded 
that  the  decomposition  proceeded  uniformly  in  both  the  solution 
and  the  gel  and  was  Induced  by  impurities  or  the  container  surface 
Observations  have  also  been  made  on  the  form  of  the  bubbles  gener- 
ated la  the  silica  gel  (142)  and  upon  photochemical  decomposition 
in  the  system  (144). 

Germanium  appears  not  to  have  been  investigated  for  its 
possible  notion  as  a catalyst  for  hydrogen  peroxide  decomposition. 
Tin  is  quite  clearly  non-cat alytic  as  the  discussion  in  Chapters  4 
and  9 indicates.  The  report  (134)  that  a yellow  precipitate  of 
tin  was  slightly  catalytic  seems  certain  to  have  been  based  upon 
the  observation  of  an  impure  easrle. 

Lead  provides  one  of  the  mos*  active  heterogeneous  catalysts. 
Qualitative  features  of  this  catalysis  have  been  reported  (134, 
1^5,  i46),  namely,  that  divalent  lead  in  acid  hydrogen  peroxide 
is  without  effect,  alkaline  conditions  which  produce  lead  dioxide 
being  required  to  bring  about  the  decomposition.  A study  (l4?) 
of  the  mechanism  of  this  catalysis  warranted  the  conclusion  that 
it  can  be  described  an  an  oxidation-reduction  cycle  between 
divalent  lead,  Pb(CH)g,  and  red  lead  oxide,  Pb^Ojj,.  Under  condi- 
tions where  catalytic  activity  is  high  both  of  these  axe  present 
as  solid  phases j in  very  baaio  solution  higher  oxides  are  formed. 
Thus,  the  characteristics  of  the  various  pH  ranges  are  as  follows. 
Lead  nitrate  dissolves  in  hydrogen  peroxide  to  give  clear,  stable 
solutions.  If  alkali  is  added,  a whitish  yellow  precipitate 
forms  and  moderate  aotivity  may  be  observed.  With  further  addi- 
tion of  alkali  the  precipitate  changes  to  an  orange-red  fora 
and  the  decomposition  becomes  violent.  The  amount  of  alkali 
required  to  reach  this  catalyaie  point  was  found  to  be  inversely 
proportional  to  the  amount  of  dissolved  lead,  with  an  additional, 
uncertain  effect  of  aging.  The  quantity  of  pyrophosphate  required 


to  atop  the  catalyais  «raa  roughly  equivalent  to  that  required  for 
formation  of  lead  pyrophosphate,  PbgPgOr,.  The  oatalytic  activity 
reaches  a maximum  at  an  alkali  ooaoent ration  near  0,2Hj  above  this 
the  lead  becomes  Increasingly  soluble  as  plumbite  and  plumbate  and 
the  oatalytic  activity  diminishes.  An  unsuccessful  attempt  (l4-?) 
was  made  to  demonstrate  the  oyclio  oxidation-reduction  of  lead  by 
radloaotive  tracer  techniques,  but  thle  approach  was  barred  by  the 
finding  that  even  in  the  absence  of  hydrogen  peroxide,  exchange  occurs 
between  plumbous  ion  and  lead  dioxide  in  nitric  acid  (in  agreement 
with  the  literature  (l4G,  1^9))  aad  between  plumbite  &sd  plumbate 
In  baelo  solution  (in  disagreement  (1^9) ), 

The  operation  of  this  action  on  metallic  lead  is  quite  striking. 
When  polished  lead,  which  Is  free  from  oxide  coating,  is  immersed  in 
hydrogen  peroxide  the  activity  is  low,  A white  precipitate  gradiall y 
forms  and  after  accumulation  converts  to  red  lead  oxide  with  consequent 
violent  catalysis.  If  the  lead  metal  is  immersed  briefly  and  then  with- 
drawn, the  small  quantity  of  liquid  clinging  to  the  metal  remains 
quiescent  for  a short  tine  and  is  then  suddenly  thrown  off  the  surface 
by  violent  decomposition  as  the  metal  acquires  a coating  of  red  lead 
oxide,  PbK0^.  Solution  of  the  lead  occurs  in  this  process,  and  this 
is  undoubtedly  connected  with  the  observations  that  hydrogen  peroxide 
destroys  the  passivity  of  lead  (15O)  but  does  not  affect  the  growth 
of  dendrites  on  it  (151) . Practical  lead  catalysts  for  hydrogen 
peroxide  decomposition  have  been  described  (152). 

Gallium,  Indium,  Thallium 

The  elements  gallium,  indium,  and  thallium  appear  not  to  have  been 
investigated  with  respect  to  possible  catalytic  action  on  hydrogen 
peroxide. 

Zlao,  Cadmium,  Merourr 

Zino  exhibits  the  unusual  capability  of  acting  both  as  a catalyst 
and  as  a stabiliser.  As  mentioned  in  Chapter  9i  wins  in  solution  in 
90  wt.  Yo  hydrogen  per  ox  ids  exerts  a stabilising  effect.  It  was 
observed  (153)  that  this  effect  diminished  as  the  concentration  of  the 
hydrogen  peroxide  was  reduced  and  that  in  solutions  of  1333  than  40  wt.$> 
hydrogen  peroxide  the  zino  acted  aa  a decomposition  c at aly at , This 
catalytic  action  ?<as  also  observed  (15^)  in  mixture  vith  other  catalysts. 
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Metallic  zino  was  oboerved  to  deoompone  hydrogen  peroxide  with 
the  evolution  of  hydrogen  and  oxygen  by  Weiss  (56).  No  mechanism 
haa  been  offered  in  explanation  of  the  ambivalent  action  of  zino. 
The  effect  of  cadmium  haa  been  investigated  only  in  dilutw 
solution  and  haa  been  characterized  as  weakly  catalytic  (134,154) 
or  as  ineffective  (155). 

In  contrast,  mercury  is  dearly  catalytic,  and  in  addition, 
exhibits  the  interesting  property  of  induolng  the  catalysis  in 
a periodio  fashion.  A number  of  workers  (132,  156),  led  by 
Bredlg,  have  described  this  phenomenon,  which  is  reproducible 
only  under  fairly  exact  conditions.  Scott  and  Sorenson  (157)  des- 
cribed four  distinct  regimes  of  pH  in  which  different  actions  of 
hydrogen  peroxide  upon  metallic  mercury  were  observed.  In  ex- 
tremely acid  solution,  below  pH  of  0.5,  the  mercury  remains  bright 

and  there  is  virtually  no  catalysis,  but  solution  of  mercury  takes 
place.  In  the  pH  range  between  1 and  4 mercuric  oxide  is  formed 

on  the  surface  of  the  mercury  and  both  mercurous  and  mercuric  ions 
are  found  to  occur  in  solution,  their  concentration  increasing 
with  time.  The  concentration  of  mercuric  ion  was  far  in  excess 
of  the  equilibrium  value  for  Hg++  + Hg  =*  Hgg++.  Below  pH  2.5  the 
quantity  of  oxide  formed  wa3  voluminous  and  thrown  into  the 
bulk  of  the  solution,  although  bright  surface  on 

the  mercury  was  maintained  at  a pH/2.0.  The  periodic  catalysis 
was  observed  in  the  pH  range  between  4.0  and  6.5,  although 
Bredig  and  Stark  (l 53 ) found  it  to  be  most  prolonged  at  a pH 
of  7.  This  catalysis  ie  charaoterizsd  by  a period  of  quiescence 
when  the  surface  of  the  mercury  is  covered  by  a thin  golden  brown 
film  followed  by  a period  of  activity  i^oa  a clear,  bright  mercury 
eurface.  This  cycling,  which  is  disturbed  by  stirring,  may  per- 
sist for  a short  time  fhile  precipitate  is  thrown  off  into  solu- 
tion at  lower  pH,  Ernst  (159)  observed  an  induction  period  before 
cycling  began,  and  the  earlier  workers  have  investigated  the  effects 
of  additives,  temperature,  and  polarisation  upon  this  behavior. 

In  the  pH  range  above  S .the  decomposition  is  continuous  and 
rapid  on  a bright  mercury  surface  and  dissolved  mercury  is  present 
at  a concentration  of  leas  Shan  1 (Thole  3/^.  In  kseping  with 
these  observations  mercurous  and  mercuric  ions  and  oxides  of 


lao 

meroury  are  found  to  bo  reduood  to  metallic  raoroury  in  basic  solution, 
merourous  oxide  ia  oxidized  to  mercuric  in  tha  pH  ranga  of  1 to  4, 
and  below  pH  of  1 tha  oxides  are  dissolved. 

The  mechanism  of  the  mercury  catalysis  ie  not  dear,  although 
there  appears  to  exist  a basis  for  consideration  of  a cyolio  oxidation- 
reduction  between  metallic  mercury  and  merourio  oxide  such  as  suggested 
by  Quartaroli  (134).  The  periodic  feature  is  most  readily  explained 
as  a balance  between  physical  and  ohamioal  rate  processes,  the  result 
of  local  depletion  of  hydrogen  Ion  oaused  by  the  dissolving  of  merourio 
oxide  In  the  film  adjacent  to  the  meroury  surface  and  the  subsequent 
diffusion  of  hydrogen  ion  in  from  the  bulk  of  solution.  Experiments 
to  establish  the  nature  of  the  concentration  gradients  near  the 
surface  would  be  useful  in  clarifying  the  mechanism.  It  is  also  of 
Interest  to  compare  the  catalysis  by  mercury  with  that  of  the  noble 
metals.  In  the  case  of  meroury  there  is  a transition  from  a set  of 
conditions  in  which  the  mercury  obviously  undergoes  valance  changes 
either  necessary  or  concurrent  to  tha  catalysis  to  conditions  ia 
which  no  effect  on  the  mercury  is  evident,  just  as,  for  exsn pie ,< 
bright  platinum  Is  Itself  apparently  unaffected  by  the  catalysis. 

Cooper,  3ilvar.  Gold 

Copper  acts  both  ae  a homogeneous  and  ae  a heterogeneous 
catalyst.  Ia  these  respects  copper  ia  very  similar  to  iron,  although 
leas  active,  and  it  has  received  far  less  study.  The  opinion  seams 
well-founded  that  the  catalysis  by  the  two  elements  proceeds  by 
much  the  same  mechanism  (73),  ?hu3  in  the  homogeneous  catalysis 
there  is  an  alternation  between  the  cuprous  and  ouprio  states. 

Kinetic  data  and  discussion  of  the  reasons  for  the  relative  slowness 
of  the  copper  catalysis  have  been  published  (l60,  l6l).  Sulfonamides 
inhibit  the  oatalyais  (l62).  The  catalysis  by  copper  ia  complex  form, 
as  with  ammonia,  amines,  and  citrate,  has  rsoeived  study  of  consider- 
able precision  and  detail  (163).  The  results  indicate  that  the 
decomposition  rates  encountered  may  be  greater  than  with  colloidal 
copper  hydroxide.  Several  suggestions  regarding  mechanism  fox  these 
complexes,  including  copper  peroxide  formation  as  a step,  have  been 
put  forward,  but  none  is  unequivocal.  Copper  has  also  received 
attention  as  a promoter  or  a co-catalyst,  especially  with  iron  (l6l,l64), 


but  also  with  tungsten  and  molybdenum  165,  166) , manganese  (16 7) 

sad  cobalt  or  nlokal  (l68) , 

The  heterogeneous  oatalyals  by  copper  (134,  l63,  169 » 170) 
exhibits  the  same  interesting  maximum  in  rate  as  pH  is  increased 
that  is  observed  with  iron.  This  action  for  copper  has  been  clea&y 
described  by  Rudel  and  Haring  (l46)  aad  8pltalski,  Pet  inland 
Konovalova  (171).  Thus  with  0,4  mg,  of  ouprio  ion  par  liter, 

30%  hydrogen  peroxide  was  observed  to  be  colorless  below  pH  J.B 
aad  grass  green  above  pH  4.4,  Between  these  two  pH  values  a 
yellow  turbidity  dua  to  copper  hydroxide,  Cu(0H)2,  was  observed, 
and  it  was  in  this  range  that  the  decomposition  rate  maxima 
occurred.  Metallic  oopper  itself  has  not  been  observed  to  be 
particularly  active,  although  it  is  sufficiently  so  to  bar  its 

use  as  a material  of  construction  for  contact  with  hydrogen 
peroxide. 

In  this  group  of  elements  silver  is  the  outstandingly  act  1*3 
one.  Dissolved  argent ous  silver  is  not  noticeably  catalytic , in 
fact,  90  wt.jj  hydrogen  peroxide  oaa  be  saturated  with  silver 
nitrate  without  effect.  Similarly  the  metal  and  silver  oxide, 

AggO,  la  small  proportions  are  soluble,  and  are  thereby  rendered 
noa-catalytio.  In  the  presence  of  a little  alkali,  however,  this 

tolerance  is  markedly  reduced,  and  the  addition  e£ 
argeatous  ion,  metal,  or  oxide  quickly  produces  a precipitate 
which  Initiates  decomposition.  There  is  considerable  litera- 
ture (170,  172)  dealing  with  this  catalysis.  Various  theories 
that  the  catalyst  proper  is  the  metal,  the  oxide,  or  a peroxide 
have  been  advanced,  but  the  mechanism  has  not  yet  been  established. 
Viegel  (173)  hypothesized  that  the  continuing  catalytic  decom- 
position occurred  when  the  solubility  product  for  argaatous 
hydroperoxide,  AgOgH,  was  reaohed.  He  then  proposed  an  oxidation- 
reduction  oyole  between  the  metal  and  the  hydroperoxide.  Veisa  (5$) 
interpreted  Viegel* a work  to  Bhow  that  reaction  between  argentous 
ion  and  perhydroxyl  ion  on  silver  metal  produced  the  perhydroxyl 
radical,  resulting  in  a chain  reaction.  McIntosh  (174)  observed 
that  the  rate  of  decomposition  on  silver  exhibited  a maximum  as 
the  alkali  concentration  was  iaoreasad.  There  is  alao  evidence 
that  alternate  solution  and  xedepoeition  of  the  precipitate 
occurs,  since  silver  sols  become  moTS  coarse  (l?3)  in  carrying 


out  the  catalysis,  Similarly,  a mirror  may  be  plated  out  on  the  con- 
tainer wall  during  catalysis  under  appropriate  conditions, 

Reoent  studies  (175)  have  established,  in  agreement  with  Wiegel, 
that  the  precipitate  formed  is  metallic  silver,  and  that  argentous  ioa 
Is  present  in  solution.  Both  filtration  and  addition  of  chloride  cause 
the  catalysis  to  stop. 

The  relative  proportions  of  argent oua  silver  and  alkali  required 
to  initiate  catalysis  have  also  been  determined.  In  Fig.  6 la 
shown  the  sliver  nitrate  concent  rat  ion  required  to  initiate  oatalyals 
in  dilute  hydrogen  peroxide  containing  varying  proportions  of  alkali. 

This  ’’catalysis  point* ' represents  the  condition  at  shioh  catalysis 
can  just  be  observed  in  the  solution  by  careful  Inspection,  Bo 
preoipltate  is  discernible.  With  continued  addition  of  silver  a 
solid  phase  appears,  and  the  conditions  at  which  this  less  precise 
observation  of  these  amorphous,  white  or  light  gray  particles  is  cade 
are  shown  in  Fig.  7,  It  is  apparent  that  this  ” precipitation  point” 
is  observed  under  conditions  parallel  to  those  of  the  catalysis 
point  and  that  Wiegel’a  observations  of  the  criterion  for  initiation 
of  oatalyals  are  confirmed.  Concurrent  observations  of  the  decomposition 


rate  (1/5)  showed  the  rate  to  rise  after  becoming  measureabls,  to 
reach  a maximum,  and  then  to  decline  to  a constant  value  as  the 

concentration  of  alkali  increased.  The  rate  urns  first  order  with 
respect  to  hydrogen  peroxide  concentration  in  the  region  where  no 
solid  phase  was  visible  and  became  zero  order  when  the  precipitate 
appeared.  This  action  is  Bhowa  for  90  wt.^  hydrogen  peroxide  in 


Fig.  B. 

In  considering  a mechanism  to  acoount  for  these  observations 
with  silver  it  is  interesting  to  note  that  conditions  ore  favorable 
for  oxidation  and  reduo tion  between  metal  and  axgentous  ioa  over  the 
entire  pH  range  studied,  yet  the  metal  is  not  stable  until  the  criteria 
of  Figs.  6 and  7 are  met.  The  shape  of  the  curves  in  these  figures 
suggests  that  the  criterion  is  the  establishment  of  a solubility 
product.  This  cannot  be  argentoua  hydroxide,  AgOH,  however,  since 
the  product  (&g*) (C3~)  never  exceeded  10  well  short  of  the 

accepted  value  (l?6)  of  4 2 lO*-^.  Consideration  of  the  solubility 
product  for  argentic  hydroxide, Ag{ OH) ^ , appears  warranted,  on  the 


other  hand,  since  the  product  (Ag++) (OH  )tf  averaged  10  co  in  these 
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FIG.  6 - CONCENTRATIONS  OF  ARGENTOUS  SILVER  AND 
ALKALI  REQUIRED  TO  INITIATE  CATALYSIS  IN 
5.2  AND  3.7  WT.  % HYDROGEN  PEROXIDE 


AgN03  CONCENTRATION,  NORMALITY  x I04 


1M 


NaOH  CONCENTRATION , NORMALITY  x 103 

FIG.  7 -'CONCENTRATIONS  OF  ARGENTOUS  SILVER 
AND  ALKALI  REQUIRED  TO  FORM 
PRECIPITATE  IN  HYDROGEN  PEROXIDE 
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experiments,  and  this  solubility  product  was  estimated  to  be  10 
Measurable  oonoentrat ions  of  argentic  silver  would  not  be  expeoted  to 
be  formed  by  hydrogen  peroxide  exoept  at  high  aoidity  (157)  i but 
reaction  with  argentic  silver  is  known  (173)  to  be  vigorous.  In 
eplte  of  thie  agreement  and  the  obvious  slope  of  - 2 in  Fig,  6 and  7 
it  can  be  shown  that  the  slope  should  be  -1  for  solubility  products 
involving  argentoua  or  argantlo  (II  or  III)  hydroxide  or  argentous 
hydroperoxide.  The  apparent  laok  of  involvement  of  argentoua  Ion  and 
the  necessity  for  metallic  silver  to  be  present  suggests  an  oxidation-* 
reduction  cycle  between  metal  and  the  argentio  state,  but  this  and 
the  other  mechanisms  suggested  remain  speculative. 

Gold  provides  a heterogeneous  catalysis  typical  of  the  noble 
metals  such  as  platinum,  palladium,  eto.  A gold  sol  formed  either* 
la  situ  by  reduction  of  auric  chloride  (179)  Externally  by  the  arc 
method  (160)  provides  a catalyst  which  becomes  increasingly  active 
with  increasing  alkali  concentration.  The  features  of  this  catalysis, 
including  the  effects  of  salts  and  poisons,  have  been  described  ex- 
cellently by  Bredig  and  Reiaders  (ISO) . further  invest igati'-nc  have 
been  made  of  the  effects  of  methods  of  preparation  of  gold  sols  and 
the  temperature  coefficients  observed  (lSl)  and  the  degree  of  disper- 
sion of  the  sola  (95*  1^2). 

Hick-si*  Palladium.  Plrvtiaua 

Blckel  exerts  virtually  no  catalytic  effect  in  acid  solutions  of 
hydrogen  peroxide,  and  shows  only  a mild  oatalyeis  when  colloidal 
nickel  hydroxide,  Hi(QH)g,  is  precipitated  by  the  addition  of  alkali 
(75,  163),  The  action  of  mixtures  of  nickel  oxide,  Hi^O^.,  with  other 
oxides  (166)  and  supported  nickel  sulfate  (131!-)  have  been  studied 
with  respect  to  their  catalytic  activity  toward  hydrogen  peroxide. 

In  the  case  of  the  eupported  nickel  only  silioa  gel  among  a number 
of  supporting  substances  was  found  to  activate  catalysis  to  any  degree 
This  action  was  observed  to  exhibit  a maximum  as  the  proportion  of 
nickel  on  the  silica  was  inoreased. 

Palladium  appears  to  behave  much  as  platinum  does,  the  features 
of  catalysis  by  palladium  specifically  having  been  reported  by 
Bredig  and  Fortner  (165),  The  mechanism  of  both  catalyses  has  been 
suggested  (56)  to  involve  electron  transfer  from  the  metal,  and  the 
activity  of  both  metals  has  been  reported  (lS6)  to  exhibit  a maximum 


with  time  of  contact,  A difference  between  the  two  appears  to  be 
engendered  by  the  high  absorptivity  of  palladium  for  hydrogen  gas* 
In  the  hydrogenated  state  the  palladium  becomes  a more  aotive 
oatalrat  (135) , and  it  is  of  interest  to  contrast  this  action  with 
the  Report  (l&?)  that  hydrogenated  palladium  can  also  bring  about 
the  formation  of  hydrogen  peroxide  from  oxygen.  A further  distinc- 
tion is  found  in  the  observation  (188)  that  palladium  black  la  no 
more  aotive  as  a catalyst  for  hydrogen  peroxide  decomposition 
than  the  massive  raatd.  . 

Platinum  has  reoeivad  the  greatest  attention  among  tha 
noble  metal  catalysts  for  hydrogen  peroxide  decomposition.  In 
their  lengthy  study  of  this  catalyst  Bredig  and  von  Berneok 
(86)  characterized  it  as  an  " inorganic  ferment",  and  it  has  often 
been  referred  to  in  this  fashion  to  denote  a resemblance  of  its 
aotlon  to  that  of  enzymes.  Platinum  has  been  studied  ohiafly 
in  the  oolloidal  state  or  as  platinum  black;  in  these  forms  it 
is  ordinarily  highly  aotive,  whereas  bright  sheet  platinum 
apparently  is  a considerably  less  aotive  catalyst.  The  catalysis 
on  platinum  has  generally  been  found  (189,190)  to  be  first 
order  with  respect  to  hydrogen  peroxide  concentration,  but 
second  order  klnetios  have  also  been  reported  (191).  The 
presence  of  alkali  increases  the  aotivity  of  platinum  and  add 
inhibits  it  (86,190,192).  Tartar  and  Schaffer  (192)  concluded 
that  under  acid  conditions  both  hydrogen  ion  and  the  acid  anion 
exert  an  effect,  but  that  in  basio  solution  the  promotion  la 
due  to  hydroxyl  ion  alone They  also  concluded  from  s tudies  of 
platinum  protected  by  gelatin  that  tha  presenoa  of  add  or 
alkali  affects  both  the  catalytic  process  and  the  protection 
by  the  gelatin.  Other  treatments  suoh  as  aging  of  tha  oatalyst 
(193),  heating  (194,195)*  eleotrioal  polarization  (19*>)  or 
x-radlation  (197)  also  affeot  the  aotivity.  Although  heat  treat- 
ment was  found  to  deorease  the  aotivity  of  platinum,  the  ratio 
of  the  decomposition  rates  at  two  temperatures  was  unaffected 
by  this  treatment  (194).  The  relationship  of  the  potentials 
assumed  by  platinum  in  hydrogen  peroxide  (198)  to  tha  meohanlsm 
of  decomposition  has  not  been  adequately  explained  (see  also 
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tho  discussion  of  standard  eleotrode  potentials  In  Chapter  5)*  The 
effect  of  the  degree  of  dispersion  on  activity  has  been  disputed. 

Sie verts  and  Bruriing  (190)  found  platinum  blaok  to  be  intermediate 
in  activity  between  the  colloidal  and  massive  metal,  but  other  (188) 
have  concluded  that  the  activities  of  the  smooth  metal  and  of  platinum 
blaok  are  the  same  on  an  equal  surfaoe  area  basis.  Alloying  platinum 
with  10/£  iridium,  rhodium,  palladium,  ruthenium,  or  osmium  was  found 

(199)  to  produce  a series  of  hydrogen  peroxide  decomposition  catalysts 
the  activity  of  which  decreased  in  the  order  cited.  Substitution  of 
water  with  other  solvents  also  affeots  the  decomposition  rata  on 
platinum,  as  discussed  in  Chapter  7. 

A number  of  observations  have  been  made  of  the  effeots  upon  platinum 
of  various  inhibitors  and  poisons.  These  include  mercury  and  lead 

(200) ,  carbon  monoxide  (201),  trlazo  ion  (202),  oyanlde  ( 203 ) (disputed 
(204)),  protective  colloids  (205),  and  many  other  salts  (203,  206,  207) 
and  non-electrolytes  (203,207),  In  the  case  of  poisoning  by  meroury, 

Maxted  and  Lewis  (208)  observed  the  decrease  in  activity  to  be  proportional 
to  the  amount  of  mercury  added  up  to  a certain  point,  Kubokawa  (209) 
found  this  relationship  to  be  a linear  logarithmic  one,  Salta 

exhibit  differing  effeots  as  inhibitors  for  platinum.  Heath  and  Walton 
(206)  found  aluminum,  thorium,  sodium,  nitrate,  sulfate,  and  fluoride 
ions  without  effeot,  whereas  chloride,  nitrite,  and  cyanide  acted  as 
poisons,  Haxaplatinate,  Pt(0H)a“,  was  observed  neither  to  catalyse 
the  decomposition  nor  to  affect  the  action  of  platinum.  Neilson  and 
Brown  (207)  concluded  upon  the  basis  of  a study  of  the  effeots  of 
various  sodium  salts  and  ohlorides  that  cations  inhibit  the  decomposition 
of  hydrogen  peroxide  by  platinum  and  that  anions  aooelerate  it3  action. 

Several  mechanisms  such  as  a cyolio  oxidation-reduction  involving 
platinum  oxides,  formation  of  atomic  oxygen,  reciprocal  depolarization 
of  atoralo  hydrogen  and  hydroxyl  radioal  (210),  and  eleotron  t ransf er 
(56)  have  been  suggested  to  aooount  for  the  catalysis  of  hydrogen  peroxide 
decomposition  by  platinum,  Bookstroh  (211)  recently  reviewed  this 
subject  and  concluded  that  the  active  form  of  platinum  is  the  metal 
and  that  it  provides  a site  for  reaction  rather  than  entering  into 
an  oxidation-reduction  soheme.  This  is  in  aooord  with  the  muoh  earlier 
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conclusion  ronohed  by  Maolnnes  (212),  who  oooutod  the  intermediate 
oxide  theory  and  emphasized  the  importance  of  adoorption.  In  this 
respeot  it  is  reported  (190)  that  platinum  dioxide  is  reduoed 
by  hydrogen  peroxide  and  platinum  monoxide  in  unaffected.  There 
seems  to  be  no  doubt  that  the  observed  rate  of  decomposition 
on  an  active  platinum  surfaoe  is  limited  by  the  rate  of  diffusion 
of  hydrogen  peroxide  to  the  catalyst  surfaoe  (211,213)  (See  also 
the  disousslon  of  the  coefficient  of  diffusion  in  Chapter  5)» 

Further  insight  is  provided  by  the  study  by  Pannyouiok  (214) 
of  the  nature  of  colloidal  platinum.  It  was  concluded  that 
the  hydrophobic  sol  produced  in  an  oxygen-containing  system  is 
negatively  charged,  with  both  metal  and  dioxide  present  on  the  surface 
of  the  particles  and  hexaplatlnate  ion  present  in  the  lyosphere 
surrounding  the  particles.  Boiling  or  aging  causes  hexaplatlnate 
to  pass  into  the  bulk  of  the  solution  and  leads  to  coagulation. 

In  a nitrogen  or  hydrogen  atmosphere  no  oxide  or  platlnate  is 
present,  the  system  being  stabilized  by  the  distribution  of  hydrogen 
and  hydroxyl  ions.  This  description  appears  to  be  in  aocord  with 
the  conclusion  that  the  metal  is  the  active  entity.  Thus,  sols  . 
formed  in  a nitrogen  or  hydrogen  atmosphere  are  several-fold  more 
aotivs  than  those  produced  under  oxygen  (215),  and  exposure  of 
a aol' formed  under  oxygen  to  a low  partial  pressure  of  oxygen 
increases  its  activity  ( 87,2lS)  (although  greatly  increased 
oxygen  pressure  is  without  effect  (217)).  The  ineffectiveness 
of  inoreased  proportions  of  hexaplatlnate  has  been  noted  above. 

The  conclusion  that  substances  such  as  chloride  and  cyanide  owe 
their  effectiveness  as  poisons  to  their  ability  to  form  complexes 
with  platinum  also  appears  to  be  consistent  with  this  viewpoint. 

It  seems  likely  that  the  metal  Itself  functions  by  eleotron 
transfer  to  the  hydrogen  peroxide. 

Cobalt.  Rhodium.  Iridium  ’ 

In  the  metallic  state  cobalt  exhibits  a peculiar  effeot  of 
passivity,  that  is,  on  being  immersed  in  hydrogen  peroxide  the 
metal  acquires  an  oxide  coating  and  a mild  oatalysia  ensues,  but 
this  behavior  may  be  succeeded  unpredictably  by  a state  of 
enormously  enhanced  activity.  At  the  exhaustion  of  the  initial 
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hydrogen  peroxide  and  addition  of  more,  however,  the  former  clow 

rate  of  decomposition  is  resumed,  A qualitative  study  of  this 

phenomenon  (218)  revealed  no  correlation  between  appearance  of  the 

metal  surface,  eleotrode  potential,  pH,  temperature,  or  time  of 

immersion  and  the  onset  of  the  rapid  oetalysis.  It  appeared  that 

the  effect  of  high  activity  could  be  induced  only  in  concentrated 

hydrogen  peroxide,  and  that  it  was  associated  with  large  ohanges  in 

electrode  potential,  generally  tc'ward  more  cathodic  values, 

Cobaltous  ion  does  not  exart  a notable  catalytic  effeot  in 

hydrogen  peroxide  solution,  but  upon  the  addition  of  alkallr 

oobaltio  hydroxide  is  precipitated  and  decomposition  ocours  (219), 

Tryhorn  and  Je3sop  (220)  found  the  aotivlty  of  this  catalyst  to 

vary  considerably,  and  the  mode  of  its  aotion  is  not  yet  clear, 

although  the  following  characteristics  have  been  observed  (218). 

Figure  9 pro vlda s a comparison  of  the  pH-titration  curves  to  be 

observed  with  a solution  of  cobaltous  ion  in  the  presence  and 

absence  of  hydrogen  peroxide.  (The  relative  displacement  a.r^v  the 

abscissa  is  without  significance,  since  a certain  amount  of  free 

acid  was  initially  present  In  these  experiments.)  The  results 

¥ 

indicate  that  in  the  presence  of  hydrogen  peroxide  direct  oxidation 
to  the  oobaltio  state  and  precipitation  of  oobaltic  hydroxide 
occurs  before  conditions  for  the  precipitation  of  cobaltous 
hydroxide  are  reached.  Other  experiments  (218)  showed  that  the 
concentration  of  cobalt  required  to  initiate  catalysis  is  inversely 
proportional  to  the  alkali  concentration,  the  criterion  for  oatalysis 
thus  being  the  attainment  of  a solubility  product.  At  alkali 
concentrations  below  about  6N  all  preoipltated  cobalt  is  in  the 
trivalent  Btate,  all  Boluble  cobalt  divalent.  Some  solution  of 
tri valent  cobalt  ocours  at  more  basio  conditions.  Pyrophosphate, 
oarbonate,  sulfide,  and  arsenate  are  ineffective  as  inhibitors  of  this 
oatalysis,  and  the  ultraviolet  absorption  speotrum  of  alkaline 
solutions  containing  oobaltous  ion  and  oobaltic  hydroxide  is  not 
affected  by  the  addition  of  hydrogen  peroxide.  Eadioao4 ive  tracer 
studies  (221)  showed  that  no  exohanga  ooours  between  oobaltous 
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Ion  end  oobnltic  hydroxide  either  in  the  preaerioe  or  absence  of 
hydrogen  peroxide.  These  facts  appear  to  rule  out  an  oxidation-reduo tlon 
oyole  as  the  mechanism  of  oatalysis,  A free  radioal  mechanism 
remains  for  consideration,  however.  This  has  been  suggested  to 
explain  the  catalytio  decomposition  of  ozone  (222)  and  cumene 
hydroperoxide  (223)  by  cobalt.  Furthermore,  a study  (224)  of  the 
oxidation  of  water  to  oxygen  by  oobaltio  ion  revealed  that  this 
reaction  can  induce  vinyl  polymerization,  and  it  was  postulated 
the  hydroxyl  radicals  are  formed  by  electron  transfer  from 
hydroxyl  ion  to  cdbaltio  ion,  the  latter  perhaps  being  present 
as  a dimeric  aqueous  complex.  Other  complexes  of  cobalt  such  as 
with  ammonia  and  citrate  also  exert  a catalytic  effeot  on  hydrogen 
peroxide  (225),  Supported  cobalt  (184,226)  is  also  catalytic,  and 
instances  of  promotion  of  hydrogen  peroxide  catalysts  by  cobalt 
have  been  reported  (168,227), 

Rhodium  and  iridium  have  received  little  attention  in  regard 

to  their  action  as  hydrogen  peroxide  decomposition  catalysts. 

.....  . ■ more 

Rhodium  black  is  only  briefly  reported  to  be /active  than  the 
massive  metal  (188),  More  informative  studieshave  revealed  that 
the  decomposition  of  hydrogen  peroxide  on  iridium  sols  is  kinetioally 
first  order  in  hydrogen  peroxide  concentration  (217,228).  Although 
the  action  of  iridium  is  apparently  quite  similar  to  that  of 
platinum,  e.g. , in  being  inhibited  by  sulfide,  mercury,  and  cyanide, 
Brossa  (228)  found  that  iridium  is  distinguished  by  the  fact  that 
alkali  does  not  affeot  it,  whereas  aold  enhanoes  its  action. 

Iron,  Ruthenium,  Osmium 

The  homogeneous  oatalysis  of  hydrogen  peroxide  decomposition 
by  iron  has  received  extensive  and  skilled  attention.  Consequently 
a fairly  detailed  description  is  available  in  this  instanoe, 
although  many  questions  remain  unanswered.  The  disoussion  below 
inoludas  reference  to  the  following  aspects  of  this  catalysis:  the 
decomposition  of  hydrogen  peroxide  aooompanying  the  oxidation  of 
ferrous  ion  to  the  ferrio  state,  the  mechanism  of  the  homogeneous 
decomposition  mediated  by  ferric  ion,  the  inhibition  and  promotion 
of  tho  latter,  decomposition  b rought  about  by  iron  in  complex  form, 
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and  heterogeneous  Iron  catalysis.  Several  reviews 
(731229,230,231,232)  deal  with  this  subject  (excepting  the 
heterogeneous  oatalysls);  those  by  Baxendale  (73),  Melalia  and 
Kolthoff  (229),  and  Uri  (230)  are  to  be  recommended  especially. 

The  earlier  investigations  of  the  oatalysls  by  iron  (233, 
234,235,236,237,238,239)  have  been  o onoerned  with  both  the 
catalysis  accompanying  the  oxidation  of  ferrous  ion  and  that  due 
to  ferric  ion,  however,  the  former  has  attracted  particular 
interest  because  of  it  s relation  to  the  oxidizing  powers  of  the 
ferrous  ion-hydrogen  peroxide  mixture  termed  Fenton* s reagent  (229). 
Ferrous  ion  is  oxidized  by  hydrogen  peroxide  according  to  the 
stoichiometry:  2Fe4+  + HaOa  + 2H+— 4 2Fa+++  + 2230  (31) 

This  reaction  is  quantitative  if  ferrous  ion  is  in  excess, 
but  decomposition  of  hydrogen  peroxide  and  the  evolution  of 
oxygen  occurs  along  with  the  oxidation  of  ferrous  ion  if  hydrogen 
peroxide  i&  present  in  excess.  In  addition  to  establishing 
these  facts  Mummery  (234)  also  found  that  the  initial  liberation 
of  oxygen  in  the  latter  instance  occurred  at  an  exceedingly 
rapid  rate.  This  subsided  to  a much  lower  value  as  ferric 
ion  became  the  dominant  form  of  iron  and  catalysis  due  to  it 
ensued,  Haber  and  Welss(24o)  defined  for  this  phenomenon  the 
consumption  ratio,  d(H303) /&(F-a++) . It  is  apparent  that  the 
value  of  this  ratio  will  be  0.5  if  reaction  (31)  proceeds 
quantitatively,  and  larger  values  will  result  if  catalytic 
decomposition  of  hydrogen  peroxide  accompanies  the  oxidation  of 
ferroua  ion.  There  has  been  disagreement  in  regard  to  the 
limiting  value  which  this  ratio  may  assume,  but  it  now  seems 
well  established  by  the  work  of  Barb,  Baxendale,  George,  and 
Hargrave  (l6l)  that  this  ratio  does  reach  a limit  determined 
by  the  reaction  conditions  and  does  not  increase  to  the  large 
values  reported  previously  (24o). 

Several  mechanisms  have  been  put  forward  to  account  for  the 
decomposition  of  hydrogen  peroxide  accompanying  the  ferrous  ion 
oxidation.  The  formation  of  ferrate,  Fe04++,  as  an  intermediate 
was  postulated  by  Bohnsonsnd  Bobertson  (235)  on  the  basis  of 


194 


spectroscopic  studies.  The  coloration  they  observed,  however,  is  now 

attributed  to  the  presence  of  Impurities,  A higher  oxide  of  Iron, 

such  as  Poa0B,  has  been  suggested  to  take  part  (237).  Various  kinds 

of  complexes  of  iron  and  hydrogen  peroxide  have  also  been  put 

forward,  Bray  and  Gorin  (238)  proposed  a mechanism  Involving 

ferryl  ion,  FeO  , The  presently-acoepted  mechanism,  however,  is 

one  in  which  intermediate  roles  are  assumed  by  the  free  radicals 

hydroxyl  and  perhydroxyl.  Such  a meohanism  was  first  suggested  by 

Haber  and  Weiss(24o)  following  an  earlier  suggestion  of  Haber  and 

Willstatter  (241),  Aside  from  its  value  to  establish  the  meohanism 

of  this  catalysis  this  theory  marks  a significant  advance  in  the 

understanding  of  reaction  mechanisms  generally.  The  mechanism  * 

involves  the  following  set  of  reactions: 

Pe**  + HaOa  * Pa+++  + OH  + OH”  (32) 

Fe++  t OH  Fe+++  + 0H“  (33) 

HaOa  + OH  » 0aH  + Ha0  (34) 

Fa4*  + OaH  _^Fe+++  + 0aH~  (35) 

Fe444  + 0aH  * Fe44 + H4  + 0a  (36) 

This  has  been  established  by  the  work  of  Barb,  Baxendala,  George, 
end  Hargrave  (l6l)  which  should  be  consulted  for  the  extensive 
experimental  Justification.  This  differs  from  the  scheme  originally 
suggested  by  Haber  and  Weiss  (240)  in  that  they  proposed  the 
reaction 

HaOa  + OaH  ^ OH  + Ha0  + 0a  (37) 

to  occur  instead  of  reactions  (35)  and  (36).  It  oan  be  seen  that 
the  oxygen  is  generated  by  the  ooourrenoe  of  reaotion  (36),  and 
the  competition  of  ferrous  ion  and  hydrogen  peroxide  for  hydroxyl 
radical  determines  the  extent  to  whioh  reaotion  (36)  may  take 
place . 

The  catalysis  of  hydrogen  peroxide  decomposition  brought 
©bout  by  ferric  iron  proceeds  similarly  (l6l),  the  series  of 

reactions  invn?_ved  being  initiated  by 

Fe*"5'  v 0rH“  ^ Fe++  + 03H  (38) 


nnd  followed  by  reactions  (32,  (3*0,  (35),  end  (36),  This  scheme 
la  consistent  with  the  kinetic  expression  -d(HaOa)/dO  » 
k(Fe+++)(HaOa )/(H+)  observed  at  high  values  of  the  concentration 
ratio,  (Ha0a )/(Fe+’H’) , It  likewise  accounts  for  the  relation 
-d(HaOa)/dO  - kMHaOa)3/2(Fe^+)/((H*)  + k]  ♦ observed  at 
very  low  ratios  and  the  still  different  kinetic  expression  found 
for  intermedlate^cgnoentration  ratios.  This  mechanism  also 
differs  from  the  /suggested  by  Haber  and  Weiss  (240);  further 
experimental  work  (242,2 43)  and  discussion  (244,245)  pertinent 
to  the  kinetics  and  meohanism  have  been  furnished  by  Andersen  and 
Christiansen  (242),  Onat  and  Parts  (243),  Wei3a  (244),  and  Abel 
(245),  In  the  light  of  the  considerable  number  of  studies  of 
the  initiation  of  polymerization  by  the  iron-hydrogen  peroxide 
system  (246)  there  seems  little  doubt  that  free  radical  mechanisms 
are  operative  in  these  catalyses.  Many  questions  remain,  however. 
For  example,  the  participation  of  ferrous  ion  in  the  ferric 
ion  catalysishas  not  been  firmly  established  (73),  although  the 
evidence  (247)  for  it  is  reasonable . A complex,  (FstOaH)]44,  of 
the  ferrio  ion  and  the  perhydroxyl  ion  has  been  demonstrated 
(248)  to  occur,  but  it  is  not  clear  to  what  extent  it  participates 
directly  in  the  above  schemes.  The  more  recent  dieousslons  of 
mechanism  have  also  favored  a role  for  the  superoxide  ion,  03“, 
as  the  aotual  reactant  rather  than  the  perhydroxyl  radical  from 
which  it  would  be  formed  (249,250),  Perhaps  of  greatest  interest 
is  the  revival  of  consideration  of  higher  valent  iron  as  an 
intermediate,  Medalia  and  Kolthoff  (229)  pointed  out  that  the 
ferryl  ion  of  Bray  and  Gorin  may  exhibit  many  of  the  attributes  of 
the  hydroxyl  radical  and  might  thus  play  a part  in  the  above 
schemes.  Cahill  and  Taube  (251)  have  also  suggested  that 
quadrivalent  Iron  may  be  an  intermediate;  they  further  propose 
that  the  two-electron  step  which  produces  it  may  ooour  side  by  side 
with  a one-eleotron  transfer,  thus  providing  roles  for  both 
f8rrio  ion  and  the  state  of  higher  valence. 


* K represents  the  ferrio  Ion  hydrolysis  constant. 
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phosphate  (255,253),  and  acetate  (255)  upon  the  catalytic  decomposition 
of  hydrogen  peroxide  by  iron  salts  have  been  investigated.  Effects 
9 of.  both  promotion  and  inhibition  were  observed  with  varying  .cl  urate 
concent ra 1 1 ons . whereas  the  effect  of  chloride  was  found  to  change 
I from  inhibition  to  inertness  depending  upon  the  ferric  ion  concentration. 
•Others  such  as  fluoride,  phosphate,  and  acetate  are  observe i to 
| act  as  inhibitors,  just  as  acetanilide  (259)  does.  Representative  data 
Uhowing  the  effects  of  such  inhibitors  as  phosphate  and  ;st annate 
;:are  presented  In  Chapter  9.  Other  additives  are  outstanding  as 
'promoters  for  this  catalysis,  and  the  action  of  copper’  (161,164), 
molybdenum  (260),  mixed  molybdenum  and  tungsten  [26lJ) , and 
f tuns  ten  alone  (26  2)  have  been  studied  in  this  respe^ct. 

Iron  in  various  complex  forms  also  causes  catxalysis,  although 
the  reactions  have  not  been  investigated  extensively  enough  to 
•establish  the  mechanism.  These  catalyses  are  of /particular 
V Interest,  however,  because  of  their  relation  t o/  the  enzyme  catalase, 

! another  catalyst  which  contains  iron  in  a comjvlex  T°rm*  Decomposition 
involving  complexes  with  dipyridyl  and  phene  r/thro  line  ( 25  ( ,239  > 2o3 ) 
has  received  attention  in  connection  with  studies  of  the  mechanism 
of  catalysis  by  iron  as  ferrous  or  ferric  l^n.  In  reviewing  the 
i catalysis  by  complex  Iron,  Baxendale  (73)  has  pointed  out  that 
‘ during  the  formation  of  these  complexes  in/ 1 ho  presence  of  hydrogen 
peroxide  there  is  a catalytic  decomposition  more  rapid  than  that 
observed  with  ferric  ion  alone  or  subsequently  with  the  complex 
alone.  It  was  concluded  that  In  this  instance  too,  a free  radical 
mechanism  .1'?  operative.  The  decomposition  b nought  about  by 
cyanide  complexes  of  iron  ( 73 >264)  is/ of  particular  interest 
because-  of  'the  effect  of  radiation,  upon  it.  hlstiakowsky  (265) 
observed  'that  the  weak  catalytic  effect  of  i\ ’ ferrocyanide-ferrlcynnlde 
.. .,  v . ...  . ..  , ft cuh-aoed  hr  ext  o.a.ire  to  l ight,  and  that  the 
j .....  . ....  • r j j. ' . . j h i *{  p i : • ' l-l  ium  i na  t i e :•  was 
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discontinued.  Srikantan  and  Rao  (266)  suggested  a role  in  the 
mechanism  of  this  catalysis  for  a complex  into  which  a 
hydrogen  peroxide  molecule  is  substituted,  and  the  extended 
study  of  Lai  (267)  has  established  the  importance  in  the 
mechanism  of  the  aqueous  complex  formed  by  hydrolysis  of  the 
cyanide.  This  work  has  also  ruled  out  ferric  h'^roxide  as 
the  active  entity.  The  aotions  of  ferri-nitrosopentacyanide 
(268)  and  various  setal-ferrooyanides  (269)  have  also  been 
studied. 

The  decomposition  of  hydrogen  peroxide  by  heterogeneous 
Iron  oatalysts  has  not  yet  received  any  study  which  permits 
much  insight  into  the  mechanisms  involved.  Ferric  hydroxide 
is  an  active  oatalyst  (236,270),  and  an  example  of  its  action 
when  present  In  osall  amounts  relative  to  the  hydrogen  peroxide 
is  given  in  Chapter  9,  as  wall  as  an  interpretation  of  the 
results  as  a colloidal  surfaoe  effect.  Others  have  suggested 
that  the  true  catalyst  is  ferric  ion  adsorbed  on  the  colloid 
(271)  or  that  an  oxidation- reduction  cycle  takes  place  (272) 
and  have  compared  the  effectiveness  of  this  catalyst  with  its 
degree  of  orystallinity  ( 273 ) . The  catalytic  activity  of  iron 
oxide,  Fea03 , appears  to  Have  been  studied  only  from  the  stand- 
point of  the  effect  of  crystal  structure  (236, 27*0.  Other 
heterogeneous  iron  catalyst  for  hydrogen  peroxide  decomposition 
that  have  been  investigated  are  blast  furnace  slag  (2 75),  pyrite 
(276),  and  spinels  (84).  In  the  latter  instance  Schwab, 

Both,  Grintzos,  and  Mavrakls  (84)  postulated  that  the  activity 
of  a magnesium  ferrite  is  due  to  ferrous  ions  present  as  a 
consequent  of  disorder  at  tetrahedral  lattice  sites;  a zlno 
ferrite,  which  does  not  contain  suoh  ferrous  ions  exhibits  no 
aotivity.  Heterogeneous  oatalysis  by  mixed  iron-oopper 
hydroxides  (277)  and  supported  iron  (239,278))  has  also  been 
recorded. 

Ruthenium  appears  not  to  have  been  Investigated,  for  its 
action  as  a hydrogen  peroxide  decomposition  catalyst.  Osmium 
in  alkaline  solution  provides  a catalyst' of  rather  high  a ctlvity. 


F.rltznian  (279)  found  It  possible  to  observe  the  catalysis  of  dilute 
hydrogen  peroxide  with  concentrations  of  osmium  tetroxide  as  low 
as  10*Anole /liter . At  a thousand-fold  greater  osmium  concentration 
the  rate  of  decomposition  was  independent  cf  osmium  concentration  and 
first  order  with  respect  to  hydrogen  peroxide.  A maximum  in  rate 
was  observed  as  the  alkali  concentration  was  increased,  Neas,  Raymond, 
and  Ewing  (28o)  studied  this  catalyst  at  high  alkali  concentration 
L(Na0H)/(0«04)  -(400)]  in  an  apparatus  permitting  extremely  rapid 
mixing  and  found  the  rate  of  decomposition  to  be  dependent  upon  the 
square  of  the  osmium  tetroxide  concentration  (at  mixed  conditions). 

In  the  presence  of  acetic  acid  or  propionic  acid  the  catalytic 
decomposition  and  acid  oxidation,  which  is  negligible  without 
hydrogen  peroxide,  appear  to  go  forward  to  parallel  and  independent 
fashion  (281). 

Eanganese.  Tecnetlum,  Rhenium 

The  catalysis  of  hydrogen  peroxide  decomposition  provided  by 
manganese  is  an  active  one  which  has  been  observed  aid  reported  often. 
Dissolved  manganese  in  the  manganous  state  is  itself  without  effect 
(282),  although  it  has  been  reported  to  promote  other  catalysts, 
for  example,  copper  (283).  ' It  has  also  been  claimed  that  a 
homogeneous  catalysis  of  hydrogen  peroxide  decomposition  can  accompany 
the  stoichiometric  reduction  of  permanganate,  referred  to  in 
Chapter  7.  These  studies,  however,  have  been  made  at  pH  values 
substantially  higher  than  those  used  in  the  oonmon  analytical 
procedure.  Evldenoe  for  such  a catalysis  initiated  by  permanganate 
has  been  published  by  Fouinat  (284)  and  Abel  (285)  and  has  been 
reviewed  by  Baxendale  (73).  The  meohanlsm  proposed  to  account  for 
this  is  one  involving  free  radioal  intermediates;  suoh  mechanisms 
have  also  been  suggested  for  other  reactions  of  permanganate  (286). 
However,  the  possibility  of  formation  of  manganese  dioxide  in  the 
reaction  of  permanganate  with  hydrogen  peroxide  is  well-known 
(287),  and  it  is  possible  that  this  in  fact  provides  the  catalyst. 
Furthermore,  calculations  made  by  the  present  authors  with  the 
data  presented  (284)  indicate  that  the  value  of  the  product 
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(Hn  )(0H“)  exceeded  10"A  In  nil  bhe  experiments  olted  In  thin 
reference  In  which  complete  decomposition  of  the  hydrogen  peroxide 
ocourred,  This  Is  consistent  with  the  meohanlsra  Involved  in 
catalysis  by  manganese  dioxide  as  dlsoussed  below.  Others  (288) 
have  described  experimental  methods  of  following  the  extremely 
high  rate  of  the  permanganate  reduction  and  subsequent  oatalysls 
by  manganese  dioxide. 

The  catalysis  by  manganese  dioxide  (96,289)  appears  to 
occur  via  an  oxidation-reduction  oyole,  A study  (282)  of  this 
revealed  that  when  manganous  ionor  permanganate  was  added  to 
very  dilute  hydrogen  peroxide  solutions  of  various  alkalinitie3, 
no  catalysis  occurred  until  the  solubility  product  for  manganous 
hydroxide,  approximately  10  , was  reaohad.  The  logarithm 

of  the  value  of  the  product,  (Hn**)’(0H“)2  that  had  to  be  exceeded 
before  oatalysls  began,  was  an  inverse  linear  function  of 
the  concentration  of  hydrogen  peroxide.  The  concentration  of 
pyrophosphate ‘'‘required  to  prevent  this  catalysis  was  proportional 
to  the  manganous  ion  concentration,  Etadioactive  tracer  experiments 
established  that  exchange  ocourred  between  manganous  ion  and 
colloidal  manganese  dioxide  while  the  decomposition  took  place 
and  the  mechanism  was  therefore  postulated  to  be: 

Kn03  + H303  + 23*  > Ha**  + 23s0  + 03 

Mn**  + 2Ha0  — * Mn{  OH ) 3 + 23* 

Mn(0H)a  + HaOa — > MnOa  + 2Ha0 

However  the  evidence  regarding  exchange  in  the  absenoe  of 
hydrogen  peroxide  (291)  is  conflicting,  and  since  these  traoar 
studies  involved  a step  in  whloh  the  solutions  were  boiled,  they 
are  not  oonolusive  (284,290). 

\ 

The  metal  apparently  oataiyzes  the  decomposition  by  the  same 
mechanism.  The  potential  assumed  by  metallic  manganese  bearing 
a coating  of  manganese  dioxide  has  been  measured  in  aqueous 
solutions  of  varying  pH  and  manganous  ion  and  hydrogen  peroxide 
concentration  (292),  The  results  were  ocmparsd  with  similar 
potentials  with  platinum  and  with  theoretical  potentials 
calculated  by  assuming  various  mechanisms  for  the  catalytic 


(39) 

(40) 

(41) 
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decomposition  of  hydrogen  peroxide.  The  obeorvetlone  were  consletent 
T'7tl0n  thflt  th"  POtnntlfll  WBfl  controlled  by  the  reaction 
Kolb  2W  1"  °f  ‘,l0IcWe  t0  ion.  Sbholder  and 

Srt ill  ’ r 1 ’ °thBr  h0nd’  have  8U*K98tea  ‘hat  peroxymangsnatea  may 
before  thl*  th8(,°atalytl0  “oohahlam.  Further  work  will  be  required 
In  nnrM  8890  th®  oatalyat  oan  be  oharaoterlzed  eatlafaotorlly. 

In  particular  it  la  known  that  the  eompoaltlon  of  manganese  dioxide 
aoldom  oorreaponda  exactly  to  the  formula  HnO,  (2,4);  furthermore  the 
oxide  having  this  exact  eompoaltlon  la  reported  (294)  to  be  a weak 

f!™wL>  Beema  fUrth<,r  th8t  the  E°tlvlty  of  ‘h®  several  oxide 
_ 95)  can  be  related  to  their  depolarizing  properties  (296) 

Heat  treatment  likewise  affects  the  activity  of  manganese  dioxide 

owar  ydrogen  peroxide  (297).  Supported  manganese  catalysts  (298) 

appear  to  Offer  systems  more  amenable  to  characterization.  Mool  and 

wood  (299)  studied  the  decomposition  of  hydrogen  peroxide  on  oxides 

of  manganese  supported  by  alumina  and  rutile  by  magnetic  susceptibility 

techniques  (93)  and  found  that  the  activity  could  be  correlated  with 

® °*  atl?!  !tat9  °f  tha  0ataly8t'  1519  activity  was  at  a maximum 
when  the  oxidation  state  was  between  +3  and  +4,  and  an  oxldatlor- 

reduotion  oyole  Involving  manganese  dioxide  and  the  oxide  Hn„0„  was 
herefora  suggested.  Beasons  for  preferring  this  cycle  over  the 
cycle  indicated  In  reactions  (39)  to  (41)  were  given.  A question  in 
regard  to  the  relative  ease  of  nuoleetlon  and  formation  of  the 
oa  alytlo  solid  phase  was  also  raised.  IhlsAfertlneit  to  all  the 
inatanoes  In  which  a heterogeneous  oatalyat  Is  formed  0a  eltu.  • It 

nrod!  rr°rb18  that  tha  prevalence  of  raiulrements  for  a solubility 
product  to  be  attained  before  catalysis  oan  proceed  Indicates  this 

to  be  a common  pathway  for  formation  of  the  solid,  the  dioxide 

thil  l III  "a"K£”eae  °atalys‘*  bp‘  Although  the  equilibrium  Is  favorable 
this  solid  cannot  be  formed  directly  from  solution,  prior  precipitation 

a ganous  hydroxide  being  required  to  provide  a solid  phase  upon 

which  the  higher  oxidation  state  of  manganese  can  be  stabilized.' 

Moot  and  Selwood  also  suggested  that  the  detailed  meohanism  may 

Involve  an  eleotron  transfer  process  whereby  hydroxyl  radicals  are 
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generated , 

No  report  is  available  In  regard  to  the  possible  catalytic 
action  of  teonatium  or  rhenium. 

Chromium  f Molybdenum f Tungsten 

These  three  elements  are  of  particular  Interest  because 

the  homogeneous  catalysis  of  hydrogen  peroxide  decomposition 

whioh  they  cause  provides  good  evidence  of  the  operation  of 

mechanisms  Involving  peroxy  compounds  as  intermediates. 

Baxendale  (73)  has  reviewed  the  subject.  The  qualitative  features 

of  the  homogeneous  catalysis  by  chromate  have  been  reported  by 

many  of  t he  early  workers;  extended  kinetic  studies  first  being 

provided  by  Biesenfeld  (300)  and  Spitalsky  (301),  and  amplified  since 

by  others  (302,303,304).  The  hexavalent  state,  either  as 

chromate,  Cr04",  or  dlohromate,  Cr307,  is  the  active  one, 

| | | 

although  some  reduction  to  the  chromic  state,  Cr  , occurs  In  acid 
solution  with  hydrogen  peroxide.  The  mechanisms  postulated  have 
agreed  in  that  the  chromate  reacts  with  hydrogen  peroxide  to 
form  a peroxy chromate  which  then  decomposes  to  yield  molecular 
oxygen.  Uncertainty  remains  in  regard  to  the  subsequent  form  of 
the  chromium,  whether  it  is  reduced  to  chromic  ion,  than  oxidized 
again  to  chromate  (301)  or  whether  the  chromate  is  regenerated 
directly  from  the  peroxyohromate  (303,304).  However,  it  appears 
safe  to  conolude  that  an  oxidation-reduction  cycle  Involving 
peroxyohromate  oocura.  Promotion  of  ohromate,  with  cobalt  (227), 
manganese  (305,306),  molybdenum  (307),  and  copper,  Iron,  and 
nickel  (306)  has  been  desorlbed;  vanadium  Is  reported  to  inhibit 
the  system  (308). 

As  a heterogeneous  oatalyst  ohromium  Is  not  particularly  active. 
The  metal  yields  only  a feeble  catalysis  which  is  little  affeoted 
by  pH,  oxide  formation  on  the  surfaoe,  or  the  presenoe  of 
dissolved  ohromium.  In  concentrated  hydrogen  peroxide  some  solution 
of  the  metal  may  be  observed;  similar  preferential  solution  of 
chromium  f rom  stainless  steel  can  also  occur.  Colloidal  chromic 
hydroxide  (309)  and  supported  chromium  (299,310,311)  have  also 
been  studied. 
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The  homogoriaoun  catalysis  by  molybdenum  (3X2)  noernn  to  proceed 
through  the  formation  and  decomposition  of  the  peroxyinolybdatee , Mo0a’' 
and  MoOm**,  and  possibly,  MoOB“,  which  are  formed  in  hydrogen  peroxide 
solution  from  molybdate,  MoO*".  No  other  valenoe  state  appears  to  be 
involved.  The  promotion  of  the  molybdate  catalysis  by  other  metals 
has  been  studied  by  Uri  (15*0  and  especially  by  Bogdanov  (260,261, 
307,313,31^). 

Tungstate  is  a less  active  catalyst  than  molybdate  (becoming 
virtually  inert  in  acid),  but  appears  also  to  act  through  the  equivalent 
peroxy  compounds,  W0a"  snd  W0a*.  The  kinetics  of  the  oatalysls  have 
been  studied  by  Bogdanov  (315).  The  promotion  of  this  catalysis  has 
also  received  attention  (261,262,313,316).  The  catalysis  of  hydrogen 
peroxide  decomposition  by  tungsten  in  the  metallic  state  or  as  the 
carbide  has  been  studied  briefly  (317)#  in  this  Btate  the  oatalytio 
activity  of  tungsten  is  reported  to  decline  repidly  with  time. 

Vanadate  has  been  described  as  providing  a homogeneous  catalyst 
for  hydrogen  peroxide  decomposition  which  operates  through  an  oxidation- 
reduction  cycle  involving  various  peroxy vanadates  (308,318,319). 

Vanadium  supported  on  rutile  or  alumina  was  found  to  be  inactive 
(299).  Metallic  niobium  was  reported  to  act  as  a slow  catalyst, 
whereas  tantalum  la  inert  (320). 

Titanium,.,  g.ir.s.Qjnlum,-  flafniaa 

No  information  is  available  regarding  the  extent,  if  any,  to 
which  titanium,  zirconium,  or  hafnium  act  as  catalysts  for  hydrogen 
peroxide  decomposition. 

Boron.  Aluminum,  Soandlum,  Yttrium 

Borate  with  hydrogen  peroxide  enters  into  an  equilibrium  which 
provides  stable  peroxyborate.  The  inertness  of  aluminum  metal  and 
the  stabilizing  properties  of  the  hydrous  oxide  are  discussed  in 
Chapters  4 and  9,  and  further  evidence  of  its  non-oatalytio  nature 
is  available  (1^1,321).  Soandiua  and  and  yttrium  apparently  have 
not  been  investigated  as  hydrogen  peroxide  catalysts. 
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i!ar.a..Enrtha,  Aotinlflaa 
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The  oxides  of  cerium  ard  thorium  were  briefly  reported  by 
Lemolne  (l4l).to  be  moderately  good  oatalyats  for  hydrogen 

! > , I ’ • ' t . : ! ; . , , ■ ! 1 ■■:!!>  1 ; ■ ' ,1  t < • ■ I'-i  > ' r ■ >. 

peroxide  decomposition.  Further  Information  on  these  series 

*.  ! ‘ • : 1 i • 1 1 ' -t  1 1 1 1 i *.  I i • 1 ; •'!'  > ] ■ ■ ; In  ! ' . 


gfag-AlKalina  Ea?tha  m-.  (<*  ■«  ; e •;•••• 

i ■; r , Although  the  alkaline  earths,  have  occasionally  been  include^ 

In  lists  of  , catalysts  for,  hydrogen  peroxide  decomposition, 

it  seems  reasonable  to  conclude  that,  i these,  elements  ere  not  ro  r J ; 


catalysts,  r^ar  ss.but  rather,  exert  j ant  effect  t hro ugh , th§  alkalinity 
of  certain  of  their  solutions.  , , Magnesium  ion  does  in-  , tf;,j  , rri:;  < 
fact  provide  a stabilizing  aotion;  under  appropriate  . condi t ioiis • .•* j; 


The* Alkali » Metals ' ^ • f^n  r , -r™,  n->ru 

Hbf  Catalytic  action  upon  hydrogCn  peroicide  decomposition" n ?:'v 
is  exerted  bgr  the  alkali  metals;  ' ! ! ' • ! 1 n':;  ‘-V’" 


Soils  f Wa  ter a.+:  and  Hlaoallaneo.ua  Agflnla ^ v , L\  uv i_L _jiaUri::T<^.ci 

The  aotion  of  various  soils  (322),  fuller's  earth 

. ‘*f  t b‘>  t'c,  f I' i>  '\if  / n’,s  y;<  J i 1 i.  t>  • • »•  * i - • m . <•«  t i j :) 

(323),  metallized  bentonite  (324),  mineral  waters  (325), 

fane  £ .tnnyfr  **i?  viJ  ■■■<■  • ••:•>.  « u •;>  jp;  : • u.!r*  <<  i r>.tr  -i  nr/O  f/t-TV 

seawater  (32 6),  synthetic  detergents  (327),  and  alloys 

(99)  as  catalysts  for  the  decomposition  of  hydrogen  peroxide 


has  been ’ observed 
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studied.  In  the  case  of  natural 
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waters,  iron  and  chloride  appear  to  be  the  chief  active 
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rt,A;  noteworthy  aspect  o^  a number  of^thCipatalysts  for,,) 


hydrogen  pepoxld^  d,eqompc3ltlqn  is  t ha  remarkable  periodloity  r ^ 
of  aotion  whioh, they f exhibit.  .The  best  known , examples  are  -ri  no!  Vi 
lodate  (126)  and  mercury  (156),  but  .the  phenomenon  also  . -t  > w 
occurs  with  metallio  iron  and  popper  (328)  and  .other  examples 
have  been  imported  in  the  monograph  by  Hedges  an<|  Myers  (329).  ; 
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It  seems  clear  that  periodicity  arises  when  physical  rate  processes 
such  as  diffusion  bring  about  periodio  ohangesin  the  concentration 
of  some  ohamloal  species  taking  part  in  the  oatnlysis.  It  has 
been  suggested  that  the  phenomenon  may  be  due  to  the  alternate  relief 
and  establishment  of  supersaturation  with  oxygen  in  the 
solution.  However,  in  the  instance  of  iodate  catalysis  (126) 
it  was  found  that  it  was  necessary  to  eliminate  supersaturation 
before  the  periodicity  was  revealed.  A study  of  the  decomposition 
of  quite  pure  hydrogen  peroxide  (105)  showed  no  difference 
between  experiments  with  and  without  shaking  as  long  as  the 
unshaken  apparatus  was  allowed  to  come  to  equilibrium  with  respect 
to  supersaturation.  A case  in  whioh  supersaturation  may  play 
a role  may  be  observed  if  concentrated  hydrogen  peroxide  is 
spilled  over  an  expanse  of  cement  floor.  Under  such  olrcumstanoes 
waves  of  increased  rate  of  oxygeii  release  sometimes  periodically 
sweep  across  the  surface  of  the  actively  decomposing  liquid. 

gramfljtloiu.  Inhibit  lozu.  and.  Eolaariiag 

Attention  has  been  directed  in  the  foregoing  discussion  of  the 
various  elements  to  studies  which  have  demonstrated  the  promotional 
effect  often  observed  when  mixtures  are  tested  for  their  catalytic 
effect.  By  promotion  is  meant  an  increase  in  decomposition  rata 
over  and  above  the  sum  of  the  rates  to  be  observed  with  the 
individual  components  of  the  catalyst  mixture.  A well-knovm 
example  encountered  in  homogeneous  catalysis  is  that  observed 
with  mixtures  of  copper  and  iron  (l6l,l64);  this  is  discussed 
further  in  Chapter  9.  A number  of  other  examples  and  a discussion 
of  the  phenomenon  have  been  given  by  Barkman,  Morrell,  and 
Egloff  (ref.  68,  p,  Al4) . Promotion  is  not  confined  to 
homogeneous  catalysts,  however,  and  may  also  be  observed  with 
co-preoipitated  metal  hydroxides.  This  is  shown  for  the  oase 
of  silver  in  Figure  10.  The  results  (104)  exhibited  there  were 
obtained  by  the  same  procedure  desoribed  on  page  171  and  may 


o 

o QO  o 

0990 

o o o •* 
to  tf>0>  - 


> 

LJ 

* 


1SA1V1V0  dO  INVd9  d3d  QN093S  H3d 


G3S0d  $10930  30IX0d3d  N390dQAH  %3t>  SVWd9 


X p 

o 5 
ob 

itr 

3 — 

— c/) 

o 

-J  > 

< m 
°z^ 

fcTgg 

{St:? 

2 z 

^ 2 2 
osf 
22^ 

< O • 

* y o 

K 

2 9 5 

O X . 

O o 0 

>*  5 ® 

2 O 

o 2 O 

I-  O " 
OO-I 
2 cc  < 

o o h 

rr  >•  W 
112 


206.. 

be  compared  with  Figure  5.  These  promotion  studios  indicate 
how  the  effect  may  vary  with  the  dilution  and  age  of  the 
oatalyst  as  successive  portions  of  hydrogen  peroxide  ere 
decomposed.  It  is  also  of  interest  to  note  the  marked  enhancement 
brought  about  by  calcium  hydroxide,  which  by  itself  has 
relatively  little  catalytio  effeot.  Supporting  a oatalyst  on  an 
inert  carrier  may  also  promote  its  aotion;  it  may  oonvert  on 
otherwise  Inert  material  into  a catalyst,  or  it  may  aotlvate  an 
ineffective  valence  form  as  in  the  case  of  argentous  ion  (81). 

The  ease  with  whioh  suoh  promotion  may  come  about  through  support 
by  glass  or  silica  (330)  must  be  considered  as  a possible  source 
of  error  in  decomposition  experiments.  Other  supported 
catalysts  have  been  referred  to  in  the  disoussion  above.  The 
kinetios  observed  on  supported  catalysts  are  often  unusual  .(311). 

Occasional  mention  has  also  been  made  in  the  above  disoussion 
of  catalysts  of  substances  which  diminish  or  stop  the  decomposition 
of  hydrogen  peroxide,  termed  inhibitors  or  poisons.  Practical 
application  of  suoh  substances  is  made  in  stabilization  as  discussed 
in  Chapter  9.  A wide  variety  of  substances  act  as  poisons  and 
a number  have  been  mentioned  above  in  connection  with  individual 
catalysts.  Most  of  theose  mentioned  are  inorganic,  but  many 
organic  substances  are  strong  inhibitors  of  suoh  catalysts  as 
silver  and  platinum  (332).  The  mechanism  of  the  poisoning 
action  Is  frequently  obscure,  for  example,  two  substances  that 
separately  are  catalytio  have  been  reported  to  be  mutually  inhibiting 
in  mixture  (333).  Although  early  studies  (86,33*0  competently 
desoribe  the  phenomena  of  poisoning  qualitatively,  it  is  only 
reoently  that  an  understanding  based  on  eleotron  structure  has 
been  approached.  This  subjeot  in  general  is  reviewed  by  Maxted  (335) 

ORGANIC  AND  BIOLOGICAL  CATALYSTS 

No  simple  organic  substanoes  of  low  moleoular  weight  have 
been  found  to  be  true  catalysts  for  hydrogen  peroxide  decomposition, 
and  phthalocyanines  (336)  appear  to  be  the  only  readily  synthesized 
organic  catalysts.  Aside  from  these  and  the  catalysis  reported 
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for  colloidal  cholesterol  (337)#  the  orgenio  catalysts  so 
far  observed  are  all  of  biological  origin.  This  applies  also 
to  such  artificial  hydrogen  peroxide  catalysts  as  iron-albumin 
mixtures  (338)  and  hemln  supported  on  charcoal  (339)  which 
have  been  likened  to  enzymes.  And  although  many  observations 
have  been  made  with  poorly  defined  biologioe.l  catalysts 
as  bacteria  (340),  yeasts  (341) , algae  (342),  and  blood  (343)# 
the  greatest  attention  has  been  centered  on  the  enzyme,  oatalase. 

The  structure  and  biologioal  function  of  oatalase  in 
relation  to  hydrogen  peroxide  and  other  hemoprotein  enzyme"  is 
outlined  in  Chapter  7.  The  enzyme  was  named  in  1901  by  Ioew 
(344)#  who  studied  the  effects  of  pH,  solvents,  and  salts 
on  the  action  with  hydrogen  peroxide  of  crude  extracts  containing 
catalase.  Later  work  (3 45)  established  the  gross  klnetlos  of 
the  catalysis  of  hydrogen  peroxide  decomposition  and  the 
inactivation  of  the  enzyme  accompanying  it.  More  recently  it 
has  been  shown  (346)  how  the  interference  of  inactivation  can 
be  overcome  by  experimental  methods  much  improved  over  the 
classical  techniques.  There  is  now  a considerable  body  of 
information  regarding  the  klnetlos  and  mechanism  of  oatalase 
action  on  hydrogen  peroxide  based  on  the  work  of  Keilln  and 
Hartree  (347),  Chance  (348),  George  (34?),  Sizar  and  Beers  (350), 
Theorell  and  Ehrenberg  (351)#  and  others  (352).  A number  of 
inhibitors  for  the  catalysis  have  been  described  (353).  All 
these  facts  and  the  mechanisms  held  to  account  for  them  have 
been  the  subject  of  thorough  recent  reviews  by  Chance  (346,354) 
and  George  (232).  Two  points  of  view  are  now  current,  one 
holding  that  the  catalysis  prooeeds  via  the  formation  and 
decomposition  of  complex  compounds  of  catalase  end  hydrogen 
peroxide  (see  reactions  (46)  and  (47)  in  Chapter  7),  the 
other  considering  that  free  radloal  intermediates  are  also 
involved.  Thi3  was  first  suggested  by  Haber  and  Willstatter 
(241),  has  been  dlsoussed  by  several  authors  (102,355)*  and  is 
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championed  In  the  review  hy  George  (232).  An  Interesting  suggestion 
in  relation  to  this  (232)  Is  that  the  high  ootivity  for  hydrogen 
peroxide  decomposition  whioh  oatalase  exhibits  in  equivalent  to 
that  whioh  it  is  estimated  by  extrapolation  that  ionic  iron  would 
provide  were  it  not  preolpitated  in  elkaline  solution.  On  the 
other  hand  preliminary  reports  (232)  indicate  that  polymerization  is 
not  initiated  by  the  catalase-hydrogen  peroxide  system,  and  a 
meohanisra  involving  only  the  complex  dlssocirtion  (35*0  appears  to 
have  greater  currency  at  present. 
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